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I.  INTRODUCTION 


Nitrogen>containing  compounds  are  commonly  used  by  the  Army  in 
propellants  and  explosives.  The  chemical  and  physical  properties  of  these  high 
energy  formulations  are  governed  by  the  molec^ar  structures  of  the  individt^ 
components.  In  the  face  of  increasingly  stringent  performance  requirements  for 
these  materials,  improved  methods  of  nitration  are  sought  that  will  allow  the 
molecular  structures  of  the  products  to  be  selectively  designed.  Laser-induced 
chemistry  is  an  excellent  tool  for  this  type  of  work. 

As  in  the  thermally  driven,  vapor  phase  nitration  [1]  of  cyclopropane,  the 
laser-induced  reaction  of  nitrogen  dioxide  with  these  three  nitrocydoalkanes  very 
likely  involves  the  replacement  of  hydrogen  atoms  by  nitro  groups.  It  is  a 
bimolecular  reaction  of  the  cycloalkane  and  nitrogen  dioxide  which  results  in  the 
formation  of  nitro  compoimds  and  some  alcohols.  There  are  competing  reactions 
which  involve  the  thernml  isomerization  of  cyclopropane  to  propene,  or  in  general, 
the  thermal  isomerization  of  the  cycloalkane  to  alkenes.  Above  390% 
decomposition  and  oxidation  of  reaction  mixtures  occurred  [1].  At  lower 
temperatures,  335*-390%  and  longer  exposure  tim  s,  the  thermal  isomerization, 
oxidation,  and  decomposition  of  ^e  reaction  mixt.ire  were  minimized  [1],  It  is 
highly  likely  that  a  laser-induced  process  can  be  optimized  in  a  similar  maimer 
with  hifd^er  yield. 

Previously,  workers  from  this  laboratory  reported  the  successful  nitration  of 
several  open-diain  alkanes  by  nitrogen  dioxide  (NOg)  using  a  tunable,  continuous 
wave  (CW),  COg  laser  to  drive  the  reactions  [2].  Both  the  yields  of  nitroalkanes  and 

the  selectivity  of  the  process  were  promising.  Subsequently,  we  extended  the  CW, 
CO2  laser-induced  nitration  process  to  a  series  of  cyclic  hydrocarbons,  namely, 

cyclopropane,  cyclobutane,  and  cydopentane  [3,4].  The  products  in  these  reactions 
were  identified  using  gas  chromatography-mass  spectrometry  (GC-MS)  and 
infrared  analyses.  Under  certain  conditions  nitrocydoalkanes  could  be  formed 
without  making  significant  eimounts  of  other  nitrated  products.  In  this  current 
work  we  report  further  on  the  nitration  of  the  cydoalkwes,  this  time  to  describe 
the  quantitative  dependence  of  the  nitrocydoalkanes  in  the  product  mixtures  on 
changes  in  the  pressures  of  reactants  and  on  variations  in  the  energy  absorbed  by 
the  system  with  and  without  the  photochemical  sensitizer,  sulfur  hexafluoride, 
SFg.  The  focus  of  the  project  was  to  optimize  the  yields  of  the  nitrocydoalkanes 
while  minimizing,  if  not  eliminating,  side  products.  Though  the  experiments 
were  designed  with  this  objective  in  mind,  we  were  able  to  follow  the  formation  of 
a  number  of  side  products  in  the  course  of  monitoring  the  production  of 
nitrocydoalkanes.  Our  discussion  indudes  an  evaluation  of  the  ssmthetic  utility 
and  spedfidty  of  the  laser  driven  nitration  process  based  on  this  information. 

The  nitrocycloalkane  products  formed  all  have  strong  infrared  absorption 
bands  which  are  readily  accessible  to  the  output  of  the  catbon  dioxide  laser.  A 
major  concern  is  whether  these  products  might  readily  decompose  in  the  beam  or 
by  collisional  transfer,  in  a  manner  somewhat  similar  to  the  shock  initiated 
pyrolysis  of  nitrocyclopropane  [5].  The  major  product  of  this  pyrolysis  was 
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ethylene.  However,  it  is  known  through  theoretical  studies  [6]  that  the  nitro  group 
is  electron  withdrawing,  thus  the  cydopropyl  ring  is  stabilized  by  the  nitro  moiety. 

II.  EXPERIMENTAL 

Samples  of  cyclopropane,  cyclopentane,  2,2-dimethylbutane,  nitromethane, 
nitroethane,  1-nitropropane,  2-nitropropane,  2-methyl-2-nitropropane,  1- 
nitrobutane,  1-nitropentane,  nitrocyclopentane,  and  nitrogen  dioxide  were 
obtained  from  Aldridi  Chemical  Company,  Milwaukee,  WI.  The  samples  were  of 
98  percent  or  greater  stated  purity,  except  for  2'nitropropane,  which  was  94 
percent  stated  purity,  and  cyclopropane  which  was  95  percent  stated  purity.  The 
cyclobutane  sample  was  provided  by  Dr.  S.  McManus,  Department  of  Chemistry, 
University  of  Alabama  at  Huntsville.  The  purity  of  the  samples  was  monitor^ 
with  GC-MS,  and  the  infrared  spectra  were  compared  with  published  spectra 
where  available  [8-12].  No  further  purification  of  the  compounds  was  undertaken, 
with  the  exception  of  nitrogen  dioxide  and  cyclobutane  which  were  purified  by 
trap-to-trap  separation  at  -78.5  *C.  NitroQrclopropane  was  prepared  by  the  method 
of  Gilkut  and  Borden  [13].  After  distillation  the  sample  was  sent  to  the  University 
of  Alabama  at  Hiantsville  where  its  identity  was  verified  by  NMR  analysis.  All 
compounds  were  degassed  at  -196.8  ‘C. 

A  100-mL  stainless  steel  cell  of  exterior  dimensions  5  x  5  x  10  cm  was  used  to 
hold  reactants  dxiring  irradiation.  This  cell  was  equipped  with  zinc  selenide  or 
potassium  chloride  windows  on  the  long  path  through  which  the  laser  was 
directed,  and  AMTIR-l  windows  on  the  short  path  for  collecting  the  infrared 
spectra  of  reactants  and  products.  The  optical  path  lengths  were  10.5  cm  for  the 
long  path  and  5  cm  for  the  short  path.  The  initial  sample  pressures  were 
measured  with  a  MKS  Baratron  electronic  manometer,  consisting  of  a  Type  222B 
transducer  and  a  Type  PDR-5B  power  supply/digital  readout.  All  nitration 
reactions  followed  the  same  general  procedure.  After  evacuating  the  system  to 
baseline  pressure,  the  gas  for  the  lowest  pressure  was  admitted  to  the  cell. 
Following  removal  of  the  gas  from  the  vacuum  line,  the  next  higher  pressure  gas 
was  admitted  at  a  pressure  greater  than  the  final  pressure  desired.  Tlie  cell  vsdve 
was  opened  for  1-2  seconds  to  allow  pressure  equilibration  and  then  closed.  The 
gas  in  the  vacuum  system  was  then  removed  and,  if  necessary,  a  third  gas 
component  was  introduced  into  the  cell  in  the  same  manner.  Using  this 
technique  a  given  gas  mixture  coiild  be  reproduced  readily.  The  reproducibility 
was  established  by  measuring  the  infrared  absoibances  of  the  components  in  the 
mixtures. 

The  infrared  spectra  were  recorded  on  a  Bomem  DA3.002  interferometer 
equipped  with  a  vacuum  bench  and  either  a  deuterated  TGS  detector  or  a  liquid 
nitrogen-cooled  MCT  uetector  and  a  KBr  beamsplitter.  The  effective  resolution 
was  1  cm'^,  and  32  scans  were  taken  for  each  sample  and  reference.  A  medium 
apodization  function  was  used  [14]. 

A  Coherent  Radiation  Model  41  CW  COg  tunable  laser  provided  the  energy  to 

drive  the  reactions,  and  it  was  operated  in  a  single  mode  at  various  selected 
wavelengths  and  powers.  The  wavelength  was  verified  with  an  Optical 
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Engineering  COg  spectrum  analyzer.  The  powers  were  measured  by  a  Coherent 
Radiation  Model  213  water-cooled  power  meter. 

The  reaction  cell  was  positioned  on  a  movable  stage  which  could  be 
translated  along  the  laser  path.  All  samples  were  irradiated  with  the  cell 
positioned  behind  die  focal  point  where  the  beam  was  slightly  diverging.  The  zinc 
selenide  windows  aUowed  a  beam  transmittance  of  about  70  percent  through  the 
sample  cell.  The  KCl  windows  allowed  about  86  percent  of  the  beam  through  the 
two  windows  to  the  power  meter.  The  reported  laser  powers  do  not  correct  for  this 
window  absorption,  nor  for  the  difference  in  beam  diameter  at  the  sample,  as 
opposed  to  the  diameter  at  the  power  meter,  where  the  beam  is  larger.  The  beam 
diameter  was  approximately  2  mm  at  the  point  of  entry  to  the  reaction  cell. 

The  separation  and  analysis  of  the  reaction  products  were  accomplished 
using  a  Hewlett-Packard  (HP)  5890  gas  chromatograph  equipped  with  a  0.250'mL 
gas  sampling  loop  and  interfaced  to  an  HP  5970  series  mass  selective  detector. 
The  chromatographic  column  was  an  HP  Ultra  2  (crosslinked  5  percent  phenyl 
methyl  silicone)  of  about  40  m  length,  having  a  0.2-mm  interior  diameter  and 
0.22-pm  film  thickness.  The  volumetric  flow  rate  was  1.6  cm^/min  (linear  flow 
rate  10  m/min);  the  split  ratio  was  47:1;  and  the  column  head  pressure  was  10  psi. 
For  chromatographic  analysis  two  different  temperature  programs  were  used. 
With  cyclopropane,  cyclobutane,  and  some  cyclopentane  mixtures,  the  oven 
temperature  was  programmed  to  140  ‘C  (10‘C/min)  following  5  minutes  at  the 
initial  temperature  of  40  *C.  For  other  cydopentane  reaction  mixtures  the  initial 
oven  temperature  was  60  *C  and  programming  to  160  *C  (lO’C/min)  began 
immediately.  Identification  of  the  components  of  the  chromatographic  peaks  was 
attempted  using  the  computer  search  routine  and  the  NBS43k  Mass  Spectra 
Library.  Whenever  possible  component  identities  were  verified  by  comparing  the 
gas  chromatographic  retention  times  and  the  mass  spectra  to  those  of  known 
samples.  The  separation  of  some  highly  volatile  components  was  not  possible 
with  the  chromatographic  conditions  used. 

Irradiation  of  the  cydopentane  reaction  mixtiires  frequently  produced  visible 
condensation  of  liquid  on  the  KCl  windows.  A  procedure  was  developed  to 
quantitate  the  amount  of  liquid  formed.  Following  the  removal  of  a  gas  sample  to 
the  gas  sampling  loop,  the  cell  was  opened  and  2.0  mL  of  absolute  ethanol  was 
added  using  a  10.00  lid  pipet.  After  rinsing  the  inside  of  the  cell  for  5-10  minutes, 
the  ethanol  solution  was  removed  and  placed  in  a  septum  sealed  vial.  Following 
each  ethanol  wash  the  KCl  cell  windows  were  polished  to  remove  cloudiness. 
Liquid  samples  (0.5  ul)  of  the  wash  solution  were  injected  on  the  GC  using  a  1.0  ul 
syringe.  Several  injections  were  averaged  to  give  (X)-MS  total  ion  areas  for  the 
nitrocyclopentane,  the  only  nitroalkane  identified  in  the  ethanol  solution.  A 
calibration  curve  ^m  the  GC-MS  total  ion  areas  of  a  series  of  standard  solutions 
of  nitrocyclopentane  in  absolute  ethanol  was  used  to  quantify  the 
nitrocyclopentane  produced  in  the  reaction. 

The  program  XYmath  (C.  Taylor,  P.O.  Box  277875,  Sacramento,  CA  95827- 
7875)  was  used  for  curve-fitting  of  the  GC-MS  total  ion  areas  and  the  infrared 
spectral  integrals. 
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III.  RESULTS  AND  DISCUSSION 

The  CW  carbon  dioxide  infrared  laser  emits  several  intense  bands  of 
radiation  in  the  region  between  900  and  1100  cm'^.  Absorbance  spectra  for  the 
three  cycloalkanes  [3]  reveal  vibrational  bands  for  each  compound  that  are 
accessible  by  the  output  of  the  CO2  laser.  These  bands  indicate  why  it  was  possible 
to  initiate  and  sustain  by  laser  excitation,  the  reaction  of  the  hydrocarbons  with 
nitrogen  dioxide.  In  instances  where  the  power  output  of  the  laser  transition  is 
low  or  the  hydrocarbon  absorption  is  weak  at  that  frequency,  an  infrared 
sensitizer,  sul^  hexafluoride,  was  used  to  initiate  the  reaction  indirectly. 

We  irradiated  mixtures  of  each  cyclic  hydrocarbon  with  nitrogen  dioxide 
under  variable  conditions  of  laser  powers,  irradiation  frequencies  and  times,  and 
pressures  of  reactants  or  sensitizer.  For  each  hydrocarbon  we  will  present  results 
which  illustrate  the  impact  of  varying  the  conations  on  the  relative  amounts  of 
products  formed. 

A.  Cyclopropane 

Cyclopropane  has  two  infrared  absorption  bands  that  are  accessible  to 
the  laser,  one  at  866  cm'^,  the  other  at  1027  cm'^.  Although  not  on  the  absorption 
maximum,  the  CO2  laser  output  from  the  P(18)  line  of  the  (00* 1X02*0)  transition  at 

1048.7  cm*^  could  be  varied  easily  from  20-60  W/cm^,  which  was  one  reason  why 
this  line  was  a  good  choice  for  irradiation  of  cyclopropane  mixtures.  Other  CO2 
output  lines,  in  addition  to  being  on  the  periphery  of  cyclopropane's  absorption 
band,  afford^  limited  laser  power. 

Infrared  spectra  were  acquired  for  reaction  mixtures  before  and  after 
irradiation.  The  infrared  spectra  recorded  before  irradiation  allowed  us  to 
monitor  the  reproducibility  of  the  initial  gas  pressures.  These  spectra  were 
integrated  over  regions  corresponding  to  absorbance  bands  of  cyclopropane  (4511.3 

-  4500.2  cm'^)  and  nitrc^en  oxides  (N20^,  1296.0  - 1208.2  cm’^  ^2^4 

665.8  cm'^).  Figure  1  shows  a  linear  relationship  between  the  cyclopropane  areas 
versus  partial  pressures  of  cyclopropane  in  the  reaction  mixtures.  Figure  2 
shows  a  similar  relationship  between  the  areas  and  the  partial  pressures  for  the 
nitrogen  oxides. 

When  mixtures  of  cyclopropane  and  nitrogen  oxides  were  irradiated  the 
quantity  of  nitrogen  oxides  consumed  depended  on  the  initial  pressure  of 
cyclopropane,  as  determined  by  infrared  spectral  analysis.  Figure  3  shows  the 
depletion  of  nitrogen  oxides  (40  Torr)  when  the  mixtures  were  irradiated  at  30 
W/cm^  for  60  s.  The  amoimt  of  cyclopropane  used  during  irradiation  with 
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Pealc  Area  ^  Peak  Area 


1.  Areas  of  Cyclopropane  Infrared.  Peak:  Before  Irradiation 
Versus  Cyclopropane  Pressure 


Figure  2a.  Areas  of  Nitrogen  Oxides:  Before  Irradiation  Versus 
Nitrogen  Oxides  Pressure,  N20^  Infrared  Peak  Areas 
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Figure  2b.  Areas  of  Nitrogen  Oxides:  Before  Irradiation  Versus  Nitrcgen 
Oxides  Pressure,  NO2  +  ^2^4  Areas 


Figure  3a.  Nitrogen  Oxides  (40  Torr)  Versus  Cyclopropane  Pressure:  Before  and 
After  Irradiation  for  60  sat  30  Vficrr?  Using  the  P(18)  Line  df  the  ((X)°1)-(02V) 
Transition,  1048.7  cm'^,  N20^  Infrared  Peak  Areas 
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Figure  3b.  Nitrogen  Oxides  (40  Torr)  Versus  Cyclopropane  Pressure:  Before  and 
After  Irradiation  for  60  sat  30  Wlcm^  Using  the  P(18)  Line  of  the  (00°1)-(02V) 
Transition,  1048.7  cm'K  ^^2^4  Areas 

nitrogen  oxide  mixtures  showed  little  dependence  on  the  initial  pressure  of 
cyclopropane.  Irradiation  products  identified  firom  the  infiured  spectra  include 
HgO,  HCN,  CO2,  NNO,  CO,  NO,  formic  add,  ethene,  and  nitrocydopropane  [3]. 
The  frequency  regions  over  which  integrals  were  acquired  are  in  Table  1.  Figure 
4  shows  the  manner  in  which  the  formation  of  nitrocydopropane  depended  on  the 
initial  pressure  of  cyclopropane,  as  determined  by  both  gas  phase  infrared 
analysis,  and  GC-MS  analysis  using  the  gas  sampling  loop.  At  a  constant 
nitrogen  oxide  pressure  of  40  Torr,  the  nitrocydopropane  in  the  vapor  phase  of  the 
product  mixture  increased  up  to  a  pressure  of  about  200  Torr  of  cyclopropane. 
Beyond  this  pressure  if  more  nitrocydopropane  was  produced  it  was  in  a 
condensed  phase  and  was  not  detected  by  infrared  or  GC-MS  analysis.  No 
nitroalkanes  besides  nitrocydopropane  were  detected  imder  these  conditions. 
Other  products  resulting  were  either  from  ring  cleavage,  or  from  nitration  or 
oxidation  of  ring  fragments.  All  of  the  ring-cleavage  products  showed  a  strong 
dependence  on  the  partial  pressure  of  cyclopropane  (Figs.  5  -  9),  with  the 
production  of  formic  acid,  ethene  and  carbon  dioxide  leveling  off  as  the 
cyclopropane  pressure  increased.  Production  of  hydrogen  cyanide  and  the 
i^gment  CO  continued  to  increase  as  the  cydopropane  pressure  rose.  Figures  10 
and  11  show  how  the  formation  of  NO  and  NNO  depended  on  the  cydopropane 
pressure.  The  GC-MS  analysis  of  the  product  mixtures  revealed  the  presence  of 
propene,  2-propenal,  and  acetonitrile,  in  addition  to  a  lar^  mixed  gas  peak.  The 
mixed  gas  pe^  resulted  from  water  and  those  highly  volatile  components  not 
separable  with  the  chromatographic  conditions  used,  HCN,  C02>  NNO,  CO,  NO, 


7 


and  ethene,  in  addition  to  unreacted  nitrogen  oxides.  Production  of  mixed  gases 
rose  smoothly  as  the  pressure  of  cyclopropane  increased  (Pig.  12).  The  product 
propene  did  not  appear  in  the  CK)-MS  traces  until  the  cyclopropane  pressure  in 
the  reaction  mixtures  was  greater  than  about  120  Torr  (Fig.  13). 

Table  1.  Infrared  Frequency  Regions  (cm'^)  for  Integrals  of  Reactants  and 

Products  in  the  Cyclopropane  and  Nitrogen  Oxides  Systems 

Frequency  Interval 

Identity 

4511.3  -4500.2 

Cyclopropane 

2389.0  -  2292h 

COg 

2254.0  -  2225.0 

NNO 

2224.6-  2141.6 

CO 

18773-  1824.4 

NO 

1390.9-  1349.0 

Nitrocyclopropane 

1296.0-12083 

N2O4 

11403-11021 

Formic  Acid 

952.1-  943.5 

Ethene 

778.6-  720.3 

N2O4  +  NO2 

716.4-  708.7 

HCN 

Figure  4a.  Nitrocyclopropane  Production  Versus  Cyclopropane  Pressure:  After 
Irradiation  of  Mixtures  Containing  40  Torr  of  Nitrogen  Oxides  for  &)s  at  30  W I  cm^ 

Using  the  P(18)  Line  of  the  (00°1)-(02V)  Transition,  1048.7  cm^, 
Nitrocyclopropane  Infrared  Peak  Areas 
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Figure  4b.  Nitrocyclopropane  Production  Versus  Cyclopropane  Pressure:  After 
Irradiation  of  Mixtures  Containing  40  Torr  ofNitro^n  Oxides  for  60  sat 

30  Vflcrr?  Using  the  P(18)  Line  of  the  (00^1)‘(02V)  Transition,  1048.7  crn^, 
Nitrocyclopropane  GC-MS  Peak  Areas 


Figure  5.  Ethene  Production  Versus  Cyclopropane  Pressure:  Ethene  Infrared 
Peak  Areas  After  Irradiation  of  Mixtures  Containing  40  Torr  of  Nitrogen  Oxides  for 

60  sat  30  Wlcm^  Using  the  P(18)  Line  of  the  (00'*1)-(02V)  Transition,  1048.7  cm'^ 
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Figure  6.  HCN  Production  Versus  Cyclopropane  Pressure:  HCN  Infrared  Peak 
Areas  After  Irradiation  of  Mixtures  Containing  40  Torr  of  Nitrogen  Oxides  for 
60  s  at  30  Vficrr?  Using  the  P(18)  Line  of  the  (00‘‘1)-(02°0)  Transition,  1048.7  cm'^ 


Figure  7.  Formic  Acid  Production  Versus  Cyclopropane  Pressure:  Formic  Acid 
Inftured  Peak  Areas  After  Irradiation  of  Mixtures  Containing  40  Torr 

ofNitn^n  Oxides  for  60  sat  30  W/cm^  Using  the  P(18)  Line  of  the 
(00W02V)  Transition,  1048.7 cm'^ 
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Figure  8.  Carbon  Dioxide  Production  Versus  Cyclopropane  Pressure:  Carbon 
Dioxide  Infrared  Peak  Areas  After  Irradiation  of  Mixtures  Containing  40  Torr  of 
Nitngen  Oxides  for  60  sat  30  Vi!  err?  Using  the  P(18)  Line  of  the 
(00W02V)  Transition,  1048.7 cm-^ 


Figure  9.  Carbon  Monoxide  Production  Versus  Cyclopropane  Pressure:  Carbon 
Monoxide  Infrared  Peak  Areas  After  Irradiation  of  Mixtures  Containing  40  Torr  of 

Nitngen  Oxides  for  60  sat  30  Wlcm^  Using  the  P(18)  line  of  the 
(00W02V)  Transition,  1048.7  ern^ 
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Figure  10.  Nitrogen  Monoxide  Production  Versus  Cyclopropane  Pressure: 
Nitrogen  Monoxide  Infrared  Peak  Areas  After  Irradiation  of  Mixtures  Containing 

40  Torr  of  Nitrogen  Oxides  for  60  sat  30  Wlcm^  Using  the  P(18)Line  of  the 
(00W02V)  Transition,  1048.7 cm'^ 


Figure  11.  NNO  Production  Versus  Cyclopropane  Pressure:  NNO  Infrared 
Peak  Areas  After  Irradiation  of  Mixtures  Containing  40  Torr  of  Nitrogen  Oxides  for 
60  sat  30  Vficrr?  Using  the  P(18)  Line  of  the  (00°1)-(02V)  Transition,  1048.7  cm'^ 


Figure  12,  Mixed  Gas  Production  Versus  Cyclopropane  Pressure:  Mixed  Gas  GC- 
MS  Peak  Areas  After  Irradiation  of  Mixtures  Containing  40  Torr  of  Nitrogen 

Oxides  for  60  8  at  30  W!  err?  Using  the  P(18)  Line  of  the 
(00°1H02V)  Transition,  1048.7 ern^ 


Figure  13.  Propene  Production  Versus  Cyclopropane  Pressure:  Propene  GC~MS 
Peak  Areas  After  Irradiation  of  Mixtures  Containing  40  Torr  of  Nitrogen  Oxides  for 

60  sat  30  Vficrr?  Using  the  P(18)  line  of  the  (00°l)-(02°0)  Transition,  1048.7 cm'^ 
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The  infrared  integrals  and  the  GC-MS  total  ion  areas  allowed  us  to  evaluate 
the  effect  on  product  formation  of  varying  nitrogen  oxide  pressures  at  a  constant 
partial  pressure  of  cyclopropane,  200  Ton*.  When  mixtures  were  irradiated  at  30 

W/cm^  for  30  s,  the  amount  of  cyclopropane  remaining  in  the  product  mixtures 
decreased  as  the  nitrogen  oxide  pressure  in  the  reaction  mixtures  rose  (Fig.  14). 
Similarly,  the  greater  the  nitrogen  oxide  pressures  initially,  the  more  nitrogen 


Figure  14a.  Cyclopropane  (200  Torr)  Versus  Nitrogen  Oxides  Pressure:  After 
Irradiation  for  30  s  at  30  Wlcm^  Using  the  P(18)  Line  of  the  (00°l)-(02  V) 
Transition,  1048. 7  cm'^.  Cyclopropane  Infrared  Peak  Areas 


Figure  14b.  Cyclopropane  (200  Torr)  Versus  Nitrogen  Oxides  Pressure:  After 
Irradiation  for  30  s  at  30  Vficrr?  Using  the  P(18)  Line  of  the  (00°l)-(02  °0) 
Transition,  1048.7  cm'^.  Cyclopropane  GC-MS  Peak  Areas 
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oxides  were  consumed,  though  the  amount  of  nitrogen  oxides  remaining  after 
irradiation  was  difficult  to  quantitate  by  infrared  integrals.  We  believe  that 
because  nitrogen  oxides  participate  in  complex,  temperature-dependent  equilibria 
their  infrared  integrals  are  sensitive  to  small  variations  in  cell  temperature.  The 
ring-cleavage  products,  ethene,  HCN,  formic  acid,  CO2,  and  CO,  (Figs.  15  -  19) 
increased  in  a  near-linear  manner  with  the  pressure  of  nitrogen  oxides,  as  did 


Figure  15,  Ethene  Production  Versus  Nitrogen  Oxides  Pressure:  Ethene  Infrared 
Peak  Areas  After  Irradiation  of  Mixtures  Containing  200  Torr  of  Cyclopropane  for 
30  s  at  30  Wlcm^  Using  the  P(18)  Line  of  the  (00°1)-(02°0)  Transition,  1048.7  cm'^ 


Figure  16.  HCN  Production  Versus  Nitrogen  Oxides  Pressure:  HCN  Infrared 
Peak  Areas  After  Irradiation  of  Mixtures  Containing  200  Torr  of  Cyclopropane  for 

30  sat  30  W/cm^  Using  the  P(18)  Line  of  the  (00°l)-(02°0)  Transition,  1048.7  crn^ 
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Figure  17.  Formic  Acid  Production  Versus  Nitrogen  Oxides  Pressure:  Formic  Acid 
Infrared  Peak  Areas  After  Irradiation  of  Mixtures  Containing  200  Torr  of 

Cyclopropane  for  30  sat  30  Wlcm^  Using  the  P(18)  Line  of  the 
(00^1M02V)  Transition,  1048.7  cm'^ 


Figure  18.  Carbon  DUmde  Production  Versus  Nitrogen  Oxides  Pressure: 
Carbon  DUmde  Infrared  Peak  Areas  After  Irradiation  of  Mixtures  Containing  200 
Torr  of  Cyclopropane  for  30  s  at  30  Wlcm^  Using  the  P(18)  Line  of 
the  (O0nh(O2V)  TmnsitUtn,  1048.7 cm'^ 
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Figure  19.  Carbon  Monoxide  Production  Versus  Nitrogen  Oxides  Pressure: 

Carlmn  Monoxide  Infrared  Peak  Areas  After  Irradiation  of  Mixtures  Containing 
200  Torr  of  Cyclopropane  for  30  sat  00  Vl\cn^  Using  the  P(18)  Line  of 
the  (00°lh(02*0)  Transition,  1048.7 cm  ^ 

the  product  NO  (Fig.  20)  and  the  mixed  gas  peak  in  the  Ca€*MS  anal3^s  (Fig,  21). 
Increasii^  the  nitrogen  oxide  pressure  did  not  increase  the  nitrocydopropane 
produced  unless  the  product  condensed  on  the  cell  walls.  The  infrared  and  GC- 
MS  analyses  of  the  vapor  phase  yielded  nitrocydopropane  versus  nitrogen  oxide 
plots  wiUi  production  of  nitrocydopropane  neariy  flat  as  nitrogen  dioxide  pressure 
increased  over  the  range  30.0  to  60.0  Torr.  The  CrC-MS  analysis  of  the  product 
mixtures  revealed  the  presence  of  a  number  of  other  components,  propene, 
acetonitrile,  propenitrile,  and  nitromethane,  these  products  appearing  when  the 
nitrogen  oxide  pressure  exceeded  40  Torr  and  increasing  almost  linearly 
thereafter  (Figs.  22  through  25).  Nitromethane  was  the  only  other  nitroalkane 
produced  from  nitrogen  oxide  and  cydopropane  mixtures.  Figure  26  shows  a 
similar  dependence  for  the  production  of  2>propenal  except  that  2-propenal  could 
be  detected  when  the  initial  nitrogen  oxide  pressure  was  30  Torr. 

Conditions  of  higher  laser  power  (50  W/cm^)  promoted  the  fragmentation  of 
reactants  and  products.  The  infrared  spectra  showed  additional  products 
induding  methwe,  acetylene,  and  perhaps  formaldehyde  [3].  Propene  and  2- 
propenal  could  now  be  identified  in  the  infrared  spectrum  of  the  product  mixture; 
whereas,  in  the  preceding  experiments,  these  products  could  not  be  detected  in  the 
infrared  spectra,  though  they  were  present  in  the  (]SO  trace.  In  the  50  W/cm^ 
product  mixtures  neither  nitrocydopropane  nor  any  other  nitroalkane  could  be 
detected  in  the  infrared  or  in  the  (Xl-MS  analyses. 
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Figure  20.  Nitrogen  Monoxide  Production  Versus  Nitrogen  Oxides  Pressure: 
Nitrogen  Monoxide  Infrared  Peak  Areas  After  Irradiation  of  Mixtures  Containing 
200  Torr  of  Cyclopropane  for  30  sat  30  Wl  err?  Using  the  P(18)  Line  of  the 
(00W02V)  Transition,  1048.7 cm^ 


Figure  21.  Mixed  Gases  Production  Versus  Nitrogen  Oxides  Pressure:  Mixed  Gas 
GC'MS  Peak  Areas  After  Irradiation  of  Mixtures  Containing  200  Torr  of 

Cyclopropane  for  30  s  at  30  Wlcm^  Using  the  P(18)  Line  of  the 
(00W02V)  Transition,  1048.7 cm’^ 


18 


4aoo 


saoo 


eaoo 


Figure  22.  Propene  Gases  Production  Versus  Nitrogen  Oxides  Pressure:  Propene 
GC-MS  Peak  Areas  After  Irradiation  (^Mixtures  Containing  200  Tbrr  of 

Cyclopropane  for  30  sat  30  W I  cm^  Using  the  P(18)  line  of  the 
(00nh(02’Xi)  Transition,  1048.7  crn^ 


Figure  23.  Acetonitrile  Production  Versus  Nitrogen  Oxides  Pressure:  Acetonitrile 
GC-MS  Peak  Areas  After  Irradiation  of  Mixtures  Containing  200  Torr  of 
Cyclopropane  for  30  s  at  30  Wlem^  Using  the  P(18)  line  of  the 
(00W02‘O)  Transition,  1048.7 cm  ^ 
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Figure  24.  Propenitrile  Production  Versus  Nitrogen  Oxides  Pressure:  Propenitrile 
GC-MS  Peak  Areas  After  Irradiation  of  Mixtures  Containing  200  Torr  of 
Cyclopropane  for  30  s  at  30  Wlcm^  Using  the  P(18)  Line  of  the 
(00W02V)  Transition,  1048.7 cm^ 


Figure  25.  Nitromethane  Production  Versus  Nitrogen  Oxides  Pressure: 
Nitromethane  GC-MS  Peak  Areas  After  Irradiation  of  Mixtures  Containing  200 

Torr  of  Cyclopropane  for  30  s  at  30  Wfcm^  Using  the  P(18)  line  t^the 
(00W02V)  Transition,  1048.7 cm^ 


20 


Figure  26.  Propenal  Production  Versus  Nitrogen  (hades  Pressure:  Propenal  Peak 
Areas  After  Irradiation  (^Mixtures  Containing  200  Torr  of  Cyclopropane  for  30  s  at 
30  Wlcrr?  Using  the  P(18)  Line  of  the  (00°l)-(02°0)  Transition.  1048.7  cm'^ 

A  series  of  30  second-irradiation  experiments,  in  which  the  pressures  of 
reactant  gases  were  constant  (cyclopropane,  212  Torr;  nitrogen  oxides,  50  Torr)  but 
in  which  the  irradiation  power  was  vari^,  allow^  us  to  assess  the  effects  of 
moderate  laser  powers  on  the  reaction.  Figure  27  shows  the  response  of 


Figure  27a.  Cyclopropane  (212.5  Torr)  Remaining  Versus  Incident  Laser  Power: 
After  Irradiation  of  Mixtures  Confining  50  Torr  (^Nitrogen  (hades  for  30  s  Using 

the  P(18)  Line  of  the  (00^l)-(02^)  Transition,  1048. 7  cm'^, 
Cyclopropane  Infrared  Peak  Areas 
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Figure  27b.  Cyclopropane  (212.5  Torr)  Remaining  Versus  Incident  Laser  Power: 

After  Irradiation  of  Mixtures  Containing  50  Torr  (^Nitrogen  Oxides  for  30  s  Using 

the  P(18)  Line  of  the  (00°1H02°0)  Transition,  1048  7  cm'^. 

Cyclopropane  GC-MS  Peak  Areas 

cyclopropane  to  increasing  irradiation  power  as  determined  from  the  infrared 
integrals  and  from  the  GC>MS  total  ion  count.  Nitrogen  oxides  showed  stronger 
responses  to  increasing  laser  power  and  were  completely  depleted  firom  the 
product  mixtures  when  the  laser  power  approached  35  W/cm^  (Pig.  28).  The 
amount  of  nitrocyclopropane  in  the  gas  phase  reached  a  maximum  between  25  • 
30  W/cm^.  The  decrease  in  nitrocyclopropane  above  30  W/cm^  (Fig.  29)  is 
consistent  with  an  increase  in  production  of  smaller  molecules  and  firagments  at 

higher  laser  powers,  as  described  above  for  the  50  W/cm^  experiments.  Figures  30 
through  32  show  the  dependence  of  the  production  of  HCN,  ethene,  and  formic 
acid,  respectively,  on  irradiation  power.  The  ethene  and  formic  add  production 
leveled  off  as  the  power  increased.  Formic  add  is  a  likely  source  in  the  product 
mixture  of  CO2  and  CO,  whose  production  was  favored  as  the  laser  power 

approached  35  VI las?  (Figs.  33  and  34).  Production  of  NO  leveled  off  before  35 
Vf/as?  (Fig.  35),  but  production  of  NNO  continued  to  rise  linearly  with  incr'iasing 
irradiation  power  (Fig.  36).  The  area  of  the  mixed  gas  peak  is  plotted  versus  the 
irradiation  power  in  fig.  37.  Its  composition  varies  with  the  irradiation  power  as 
infrared  ansJysis  prior  to  gas  chromatography  of  the  product  mixtures  indicates: 
at  low  laser  powers  the  peak  consists  of  small  molecules  and  unreacted  nitrogen 
oxides,  but  at  higher  powers  the  peak  is  depleted  of  NO2  and  N20^,  and  contains 
more  of  the  species  resulting  from  frs^mentation  and  oxidation  reactions,  C02> 
CO,  NO,  NNO.  Acetonitrile,  propenitrile,  and  nitromethane  were  not  detected  by 
(X!-MS  iintil  the  laser  power  had  been  raised  to  30  Vf/exe?,  after  which  the  amount 
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Figure  28a.  Nitrogen  Oxides  (50  Torr)  Remaining  Versus  Incident  Laser  Power: 
After  Irradiation  of  Mixtures  Containing  212.5  Torr  of  Cyclopropane  for  30  s  Using 

the  P(18)  Line  of  the  (00°1)~(02V)  Transition,  1048.7  cm‘^,  N20^  Infrared  Peak  Areas 


Figure  28b.  Nitrogen  Oxides  (50  Torr)  Remaining  Versus  Incident  Laser  Power: 
After  Irradiation  of  Mixtures  Containing  212.5  Torr  of  Cyclopropane  for  30  s  Using 
the  P(18)  Line  of  the  (00‘‘1)-(02°0)  Transition,  1048.7  cm'^,  NO2  Infrared  Peak  Areas 
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Figure  29a.  Nitrocyclopropane  Versus  Incident  Laser  Power:  After  Irradiation  of 
Mixtures  Containing  212.5  Torr  of  Cyclopropane  and  50  Torr  of  Nitrogen  Chides  for 
30  s  Using  the  P(18)  Line  of  the  (00°1)-(02°0)  Transition,  1048.7 cm'^, 
Nitrocyclopropane  Infrared  Peak  Areas 


Figure  29b.  Nitn^clopropane  Versus  Incident  Laser  Power:  After  Irradiation  of 
Mixtures  Containing  212.5  Torr  of  Cyclopropane  and  50  Torr  ofNitro^n  Oxides  for 
30  s  Using  the  P(18)  line  of  the  (00°1)-((^V)  Transition,  1048.7  cm'^, 
Nitrocyclopropane  GC-MS  Peak  Areas 
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Figure  30.  HCN  Produced  Versus  Incident  Laser  Power:  HCN  Infrared  Peak 
Areas  After  Irradiation  of  Mixture  Containing  212.5  Torr  of  Cyclopropane  and 
50  Torr  of  Nitrogen  Oxides  for  30  s  Using  the  P(18)  line  of  the 

(00WO2V)  Transition,  1048.7 crn^ 


Figure  31.  Ethene  Produced  Versus  Incident  Laser  Power:  Ethene  Infrared  Peak 
Areas  After  Irradiation  of  Mixtures  Containing  212.5  Torr  of  Cyclopropane  and  50 
Torr  ofNUrt^en  Oxides  for  30  s  Using  the  P(18)  Line  of  the 

(00W02^)  Transition,  1048.7 cni^ 
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Figure  32.  Formic  Acid  Produced  Versus  Incident  Laser  Power:  Formic  Acid 
Infrared  Peak  Areas  After  Irradiation  of  Mixtures  Containing  212.5  Torr  of 
Cyclopropane  and.  50  Torr  of  Nitrogen  Oxides  for  30  s  Using  the  P(18)  lAne  of  the 

(00W02V)  Transition,  1048.7 cm'^ 


Figure  33.  Carbon  DUmde  Produced  Versus  Incident  Laser  Power:  Carbon 
Dioxide  Infrared  Peak  Areas  After  Irradiation  of  Mixtures  Containing  212.5  Torr  of 
Cyclopropane  and  50  Torr  of  Nitrogen  Oxides  for  30  s  Using  the  P(18)  Line 

of  the  (00°1)-(02V)  Transition,  1048.7  cm'^ 
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Figure  34.  Carbon  Monoxide  Produced  Versus  Incident  Laser  Power:  Carbon 
Monoxide  Infrared  Peak  Areas  After  Irradiation  of  Mixtures  Containing  212.5  Torr 
of  Cyclopropane  and  50  Torr  of  Nitrogen  Oxides  for  30  s  Using  the  P(18) 

Line  of  the  (00°1)-(02V)  Transition,  1048.7  cm'^ 


Figure  35.  Nitn^en  Monoxide  Produced  Versus  Incident  Laser  Power:  Nitrogen 
Monoxide  Infrared  Peak  Areas  After  Irradiation  of  Mixtures  Containing  212.5  Torr 
of  Cyclopropane  and  50  Torr  of  Nitrogen  Oxides  for  30  s  Using  the  P(l&  Line  of  the 

(0OWO2°0)  Transition,  1048.7 crn^ 


20.00 


2S.00 


30.00 


3S.00 


Figure  36.  NNO  Produced  Versus  Incident  Laser  Power:  NNO  Infrared  Peak 
Areas  After  Irradiation  of  Mixtures  Containing  212.5  Torr  of  Cyclopropane  and 
50  Torr  ofNitrx^en  Oxides  for  30  s  Using  the  P(18)  Line  of  the 
(00W02V)  Transition,  1048.7 crn^ 


Figure  37.  Mixed  Gas  Produced  Versus  Incident  Laser  Power:  Mixed  Gas  GC- 
MS  Peak  Areas  After  Irradiation  of  Mixtures  Containing  212.5  Torr  of 
Cyclopropane  and  50  Torr  of  Nitrogen  Chides  for  30  s  Using  the  P(18)  line 
of  the  (00'^1)-(02V)  Transition,  1048.7 cm'^ 
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of  each  rose  as  the  power  increased,  with  nitromethane  production  falling  again 
after  30  W/cm^  (Figs.  38  through  40).  Propene  and  2-propenal  could  be  detected  by 
GC-MS  at  20  and  25  W/cm^,  respectively,  but  their  amounts  remained  low  until 

the  power  was  raised  above  30  W/cm^,  beyond  which  their  production  was 
facilitated  (Pigs.  41  and  42). 


Figure  38.  Acetonitrile  Produced  Versus  Incident  Laser  Power:  Acetonitrile  GC- 
MS  Peak  Areas  After  Irradiation  of  Mixtures  Containing  212.5  Torr  of 
Cyclopropane  and  50  Torr  of  Nitrogen  Oxides  for  30  s  Using  the  P(18) 

Line  of  the  (00°1)  ■(02°0)  Transition,  1048.7  cm'^ 


Figure  39.  Propenitrile  Produced  Versus  Incident  Laser  Power:  Propenitrile  GC- 
MS  Peak  Areas  After  Irradiation  of  Mixtures  Containing  212.5  Torr  of 
Cyclopropane  and  50  Torr  of  Nitrogen  Oxides  for  30  s  Using  the 

P(18)  Line  of  the  (00°1)-(02V)  Transition,  1048.7  cm' ^ 
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Figure  40.  Nitromethane  Produced  Versus  Incident  Laser  Power:  Nitromethane 
GC-MS  Peak  Areas  After  Irradiation  of  Mixtures  Contaimng  212.5  Torr  of 
Cyclopropane  and  50  Torr  of  Nitrogen  Oxides  for  30  s  Using  the 
P(18)  Line  of  the  (00°l)-(02°0)  Transition,  1048.7  cm‘^ 


Figure  41.  Propene  Produced  Versus  Incident  Laser  Power:  Propene  GC-MS 
Peak  Areas  After  Irradiation  of  Mixtures  Containing  212.5  Torr  of  Cyclopropane 
and  50  Torr  of  Nitrogen  Oxides  for  30  s  Using  the  P(18)  Line 
of  the  (00°l)-(02°0)  Transition,  104^.7  crn^ 
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Figure  42.  Propenal  Produced  Versus  Incident  Laser  Power:  Propenal  GC-MS 
Peak  Areas  After  Irradiation  of  Mixtures  Containing  212.5  Torr  of  Cyclopropane 
and  50  Torr  ofNitrxgen  Oxides  for  30  s  using  the  P(18)  hire 

of  the  (00^iy(02°0)  Transition,  1048.7  cm'^ 


We  conducted  a  final  set  of  experiments  with  fixed  partial  pressures  of 
cyclopropane  and  nitrogen  oxides  (209  Torr  and  40  Torr,  respectively)  and  with  the 
laser  power  set  at  25  W/cm^,  in  order  to  evaluate  the  effect  of  irradiation  time  on 
the  product  array.  The  choice  of  irradiation  power  was  based  on  the  previous 
experiments  which  showed  that  25  W/cm^  was  appropriate  for  producing 
nitrocyclopropane.  As  Figure  43  shows,  the  amount  of  cyclopropane  remaining 
after  irradiation  decreased  slightly  at  longer  irradiation  times;  however,  the 
amount  of  nitrogen  oxides  remaining  in  the  reaction  mixture  showed  no  clear 
dependence  on  irradiation  time.  The  amount  of  nitrocydopropane  in  the  vapor 
phase  showed  little  increase  with  irradiation  time  over  the  range  studied,  a 
number  of  otiier  products  were  followed  as  irradiation  time  varied.  Increasing 
the  irradiation  time  from  20  to  30  s  encoiaraged  the  formation  of  ethene,  CO2,  CO, 
and  NO,  but  their  amounts  showed  little  dependence  on  longer  irradiation  times. 
With  the  low  laser  power  utilized,  sudi  sm^  amounts  of  formic  acid,  HCN,  and 
NNO  were  produced  that  we  could  z-'t  follow  the  time  dependence  of  their 
formation.  The  CXII-MS  traces  indicated  that  the  maximum  production  of  propene 
occtirred  at  irradiation  times  of  20  to  30  s  (Fig.  44),  but  that  the  mixed  gas 
production  rose  until  the  irradiation  time  was  about  45  s  (Fig.  45). 
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Figure  43a.  Cyclopropane  (209  Torr)  Remaining  Versus  Irradiation  Time:  After 
Irradiation  of  Mixtures  Containing  40  Torr  of  Nitrogen  Oxides  at  25  Wlcm^  Using 

the  P(18)  line  of  the  ((X)°1)-(02V)  Transition,  1048.7  cm’^. 
Cyclopropane  Infrared  Peak  Areas 


Figure  43b.  Cyclopropane  (209  Torr)  Remaining  Versus  Irradiation  Time:  After 
Irradiation  of  Mixtures  Containing  40  Torr  ofNitrc^en  Oxides  at  25  Wlcm^  Using 
the  P(18)  Line  of  the  (00°1)-(02V)  Transition,  1048.7  cm'^. 
Cyclopropane  GC-MS  Peak  Areas 
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Figure  44.  Propem  Production  Versus  Irradiation  Time:  Propene  GC-MS  Peak 
Areas  After  Irradiation  of  Mixtures  Containing  209  Torr  of  Cyclopropane  and  40 
Torr  of  Nitrogen  Oxides  at  25  Wfcm^  Using  the  P(18)  Line  of  the 
(00°1)-(02V)  Transition,  1048.7 cm'^ 


Figure  45.  Mixed  Gas  Production  Versus  Irradiation  Time:  Mixed  Gtts  GC-MS 
Pecdi  Areas  After  Irradiation  of  Mixtures  Containing  209  Torr  of  Cyclopropane  and 
40  Torr  of  Nitrogen  Oxides  at  25  W I  cmP  Using  the  P(18)  line 
of  the  (00^1M02V)  transition,  1048.7  cm’^ 
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By  careful  selection  of  conditions  we  found  it  possible  to  produce 
nitrocyclopropane  without  making  detectable  amounts  of  any  other  nitrated 
products.  A  mixture  of  cyclopropane  (191.1  Torr)  and  NOg  (40.0  Torr)  which  had 

been  irradiated  at  30  W/cm^  for  60  s,  gave  nitrocyclopropane,  the  only  nitroalkane 
present,  at  a  retention  time  of  10.8  min;  any  nitroalkane  should  appear  in  the  (]rC 
trace  at  a  retention  time  of  greater  than  5  min  under  the  GrC  conditions  we 
employed. 

B.  Cyclobutane 

The  infrared  spectrum  of  cyclobutane  shows  a  single,  weak  absorption 
centered  at  900  cm‘^  accessible  to  the  CW  carbon  dioxide  laser.  Irradiation  using 
the  P(42)  laser  line  of  the  (OO'IMIO'O)  transition  at  922.9  cm'^  was  on  the  R  branch 
near  the  maximum  at  922  cm'^.  Because  of  the  weak  absorption  and  the  limited 
laser  power  available,  longer  irradiation  times  were  necessary  to  induce  the 
nitration  reaction.  Table  2  presents  the  frequency  intervals  over  which  integrals 
were  acquired  for  reactants  and  products,  l^gure  46  shows  a  linear  relationship 
between  the  cydobutane  areas  vs.  partial  pressures  of  cyclobutane  in  the  reaction 
mixtures.  Irradiation  of  200  Torr  of  cydobutane  and  40.0  Torr  of  NO2  using  the 

P(42)  line  at  60  W/cm^  for  60  s,  yielded  products  identified  by  infixed  analysis  as 
H2O,  CO2,  CO,  NO,  formic  add,  and  etiiene  [3],  We  have  tentatively  attributed 

other  absorbances  at  1560  and  1376  cm'^  to  nitrocyclobutane.  The  amount  of 
nitrogen  oxides  consumed  during  irradiation  depended  on  the  pressure  of 


Table  2.  Infrared  Frequency  Regions  (cm'^)  for  Integrals  of  Reactants  and 
Products  in  the  Cyclobutane  and  Nitrogen  Oxides  Systems 


Frequency  Interval 

Identity 

2386.0  -  2293.0 

CO2 

1956.0-  1872.1 

NO 

1500.9-1400.1 

Cydobutane 

1296.0-1228.0 

N2O4 

1140.2-1078.0 

Formic  Add 

952.7-  9459 

Ethene 

7789-  7203 

N20^  +  N02 
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Figure  46.  Areas  of  Cyclobutane  Infxired  Peak:  Before  Irradiation  Versus 

Cyclobutane  Pressure 

cydobut-me  as  Figure  47  shows  for  nitrogen  oxides  at  40  Torr.  The  infrared  region 
usually  integrated  for  NgO^  (1296.0  - 1228.0  cm’^)  also  indudes  a  peak  arising  from 
cydobutane.  For  this  reason  data  is  not  induded  for  the  N20^  peak.  The  amount 


Figure  47.  Nitrogen  Oxides  (40  Torr)  Versus  Cyclobutane  Pressure: 
N2O4  +  NO2  Infrared  Peak  Areas  Before  and  After  Irradiation  for  60  s 

at  60  Vficrr?  Using  the  P(42)  Line  of  the  (00°1)-(10°0)  Transition,  922.9  cm'^ 
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of  cyclobutane  used  during  irradiation  did  not  depend  appreciably  on  the  initial 
pressure  of  cydobutane.  Nitrocyclobutane  and  l-nitropropane  appeared  in  the  GC 
trace  at  13.6  min  and  9.4  min,  respectively.  The  amount  of  nitrocyclobutane 
produced  showed  a  near-linear  relationship  to  the  partial  pressure  of  (yclobutane 
in  the  reaction  mixtures  (Fig.  48).  A  similar  dependence  for  the  formation  of  1- 
nitropropane,  the  only  other  nitroalkane  identified  by  GC-MS  analysis,  is 
illustrated  in  Figtire  49;  however,  no  l-nitropropane  was  detected  until  the 
cyclobutane  pressure  was  greater  than  80  Torr.  Trends  for  the  products  arising 
from  cleavage  of  the  cyclobutane  ring  are  illustrated  in  Pigs.  50  through  53.  The 
plots  for  formic  add,  carbon  dioxide  and  2-butene  show  a  similar  dependence  on 
the  cyclobutane  pressures  in  the  reaction  mixtures:  as  the  cydobutane  pressure 
rose,  the  products  increased  then  leveled  off,  or  perhaps  decreased.  The 
production  of  ethene  increased  smoothly  as  the  cydobutane  pressure  increased. 
Although  the  fragment  CO  was  identified  in  the  infrared  spectra,  its  formation 
was  not  followed  due  to  the  presence  of  relatively  large  cydobutane  absorbances 
overlying  the  CO  absorption  region.  Nitrogen  monoxide  is  another  compound 
whose  production  appeared  to  level  off  at  higher  pressures  of  cydobutane  (Fig.  54). 
The  mixed  gas  production  as  monitored  from  the  GC-MS  peak  area  was  fairly 
constant  as  cydobutane  pressures  ranged  from  40  -  200  Torr,  though  the 
composition  of  the  peak  certainly  varied  as  more  nitrogen  oxides  reacted  and  low 
molecular  weight,  volatile  products  formed. 


Figure  48a.  Nitrocyclobutane  Formation  Versus  Cydobutane  Pressure:  After 
Irradiation  of  Mixtures  Containing  40  Torr  of  Nitrogen  Oxides  for  60  sat 

60  Wlcm^  Using  the  P(42)  Line  of  the  (00°1)-(10°0)  Transition,  922.9  cm'K 
Nitrocyclobutane  Infrared  Peak  Areas 
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Figure  48b.  Nitrocyclobutare  Formation  Versus  Cyclobutane  Pressure:  After 
Irradiation  of  Mixtures  Containing  40  Torr  of  Nitrogen  Oxides  for  60  sat 

60  Wlcm^  Using  the  P(42)  Line  of  the  (00°1)-(10°0)  Transition^  922.9  cm'^, 
Nitrocyclobutane  GC-MS  Peak  Areas 


Figure  49.  1-Nitropropane  Production  Versus  Cyclobutane  Pressure: 
1-Nitropropane  GC-MS  Peak  Areas  After  Irradiation  of  Mixtures  Containing 

40  Torr  of  Nitrogen  Oxides  for  60  sat  60  W I  cm^  Using  the  P(42) 

Line  of  the  (00°1)-(10°0)  Transition,  922.9  cm' ^ 
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Figure  50.  Formic  Acid  Production  Versus  Cyclobutane  Pressure:  Formic  Acid 
Infmred  Peak  Areas  After  Irradiation  of  Mixtures  Containing  40  Torr  of  Nitrogen 

Oxides  for  60  sat  60  Wlcm^  Using  the  P(42)  Line  of  the 
(00°1)-(10V)  Transition,  922.9  cm'^ 


Figure  51.  Carbon  Dioxide  Production  Versus  Cyclobutane  Pressure:  Carbon 
Dioxide  Infrared  Peak  Areas  After  Irradiation  of  Mixtures  Containing  40  Torr  of 

Nitrxgen  Oxides  for  60  sat  60  Wlcm^  Using  the  P(42)  Line 
of  the  (OO^D’dOV)  Transition,  922.9  cm'^ 
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Figure  52.  2-BuUne  Production  Versus  Cyclobutane  Pressure:  2-Butene  GC-MS 
Peak  Areas  After  Irradiation  of  Mixtures  Containing  40  Torr  of  Nitrogen  Oxides  for 

60  sat  60  Wfcm^  Using  the  P(42)  Line  of  the  (00°1)-(10V)  Transition,  922.9  crh^ 


Figure  53.  Ethene  Production  Versus  Cyclobutane  Pressure:  Ethene  Infrared 
Peak  Areas  After  Irradiation  of  Mixtures  Containing  40  Torr  of  Nitrogen  Oxides  for 
60  sat  60  Wlcm^  Using  the  P(42)  Line  of  the  (00°1)-(10°0)  Transition,  922.9  cm'^ 
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Figure  54.  Nitrogen  MoTuutide  Production  Versus  Cyclobutane  Pressure:  Nitrogen 
Monoxide  Infrared  Peak  Areas  After  Irradiation  of  Mixtures  Containing  40  Torr  of 

Nitrogen  Oxides  for  sat  60  W!  cm^  Using  the  P(42) 

Line  of  the  (OO^IMIOV)  Transition,  922.9  cm'^ 

A  series  of  60  second  irradiation  experiments,  in  which  the  cydobutane 
pressure  was  179  Torr  and  nitrogen  oxide  pressure  was  40  Torr,  but  in  which  the 

irradiation  power  was  varied  firom  45  -  60  W/cm^,  allowed  us  to  assess  the  effect  of 
varying  laser  powers  on  the  amounts  of  products  formed.  Our  e:q>eriments  were 
limited  by  the  small  quantity  of  cydobutane  on  hand.  The  cydobutane  areas  after 
irradiation  were  constant  over  the  power  range,  but  the  decreased  area  of  the 
nitrogen  oxides  peak  (Fig.  55)  shows  that  more  of  the  nitrogen  oxides  were 
constuned  at  higher  laser  powers.  Both  the  infrared  and  GC-MS  analyses  (Fig. 
56)  showed  that  nitrocydobutane  production  rose  slightly  with  the  irradiation 
power  increase.  The  production  of  1-nitropropane  and  the  mixed  gases  displayed 
no  dear  dependence  on  the  laser  power,  as  judged  by  GC  peak  areas.  The  amount 
of  NO  increased  somewhat  with  increasing  laser  power  (Fig.  57).  Figures  58 
through  61  show  the  production  trends  for  formic  add,  CO2,  2-butene,  and  ethene. 

The  data  acquired  for  the  power  series  of  experiments  are  limited  but  the  overall 
trends  for  the  production  of  the  compounds  are  believable  in  light  of  the  similar 
production  curves  seen  in  the  cyclopropane  experiments  and  in  the  cydobutane 
pressure  experiments  described  above.  Increasing  the  laser  power  seems  to  have 
the  same  effect  on  the  product  formation  as  increasing  the  (Tclobutane  pressure, 
which  is  not  surprising  since  the  cydobutane  is  the  energy  absorbing  spedes  in 
the  reaction  mixtures. 
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Figure  55.  Nitrogen  Oxides  (40  Torr)  Versus  Incident  Laser  Power:  N20^  +  NO2 
Infrared  Peak  Areas  Before  and  After  Irradiation  of  Mixtures  Containing  179  Torr 
of  Cyclobutane  for  60  s  Using  the  P(42)  line  of  the 

(00°1M10°0)  Transition^  922.9  cm'^ 


Figure  56a.  Nitrocyclobutane  Formation  Versus  Incident  Laser  Power:  After 
Irradiation  of  Mixtures  Containing  179  Torr  of  Cyclobutane  and  40  Torr  of 
Nitrogen  Oxides  for  60s  Using  the  P(42)Line  oft^  (OO^IMIOV)  Transition, 
922.9  cm'^,  Nitrocyclobutane  Infrared  Peak  Areas 
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Figure  56b.  Nitrocyclobutane  Formation  Versus  Incident  Laser  Power:  After 
Irradiation  of  Mixtures  Containing  179  Torr  of  Cyclobutane  and  40  Torr  of 
Nitrogen  Chddes  for  60  s  Using  the  P(42)  Line  of  the  (OO^l)-(lOV)  Transition, 
922.9  cm'^,  Nitrocyclobutane  GC-MS  Peak  Areas 


Figure  57.  Nitrogen  Monoxide  Production  Versus  Incident  Laser  Power:  Nitrogen 
Monoxide  Infrared  Peak  Areas  After  Irradiation  of  Mixtures  Containing  179  Torr 
of  Cyclobutane  and  40  Torr  of  Nitrogen  Oxides  for  60s  Using  the 

P(42)  Line  of  the  (00°1)-(10°0)  Transition,  922.9  cm'^ 
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Figure  58.  Formic  Acid  Production  Versus  Incident  Laser  Power:  Formic  Acid 
Infrared  Peak  Areas  After  Irradiation  of  Mixtures  Containing  179  Torr  of 
Cyclobutane  and  40  Torr  of  Nitrogen  Oxides  for  60  s  Using  the  P(42)  line  of  the 

(OOWlOV)  Transition,  922.9  cm'^ 


Figure  59.  Carbon  Dioxide  Production  Versus  Incident  Laser  Power:  Carbon 
Dioxide  Infrared  Peak  Areas  After  Irradiation  of  Mixtures  Containing  179  Torr  of 
Cyclobutane  and  40  Torr  of  Nitrogen  Oxides  for  60s  Using  the 

P(42)  Line  of  the  (00°1)-(10V)  Transition,  922.9  cm'^ 
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Figure  60.  2-Butene  Production  Versus  Incident  Laser  Power:  2-Butene  GC-MS 
Pe^  Areas  After  Irradiation  of  Mixtures  Containing  179  Torr  of  Cyclobutane  and 
40  Torr  of  Nitrogen  Oxides  for  60  s  Using  the  P(^)  Line  of  the 

(00°1)-(10V)  Transition,  922.9  cm'^ 


Figure  61.  Ethene  Production  Versus  Incident  Laser  Power:  Ethene  Infrared 
Peak  Areas  After  Irradiation  of  Mixtures  Containing  179  Torr  of  Cyclobutane  and 
40  Torr  of  Nitrogen  Oxides  for  60  $  Using  the  P(42)  line  of  the 

(00**1)-(10°0)  Transition,  922.9 cm'^ 
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We  investigated  the  effect  of  varying  irradiation  times  (30  -  120  s)  on 
the  trends  of  product  formation  using  a  series  of  experiments  in  which  the 
cyclobutane  and  nitrogen  oxide  pressures  were  fixed  at  179  and  40  Torr, 

respectively,  and  the  laser  power  was  set  to  50  W/cm^.  The  cyclobutane  areas  after 
irradiation  were  constant  over  the  time  range.  Figure  62  shows  the  depletion 
curve  for  the  nitrogen  oxides.  The  amount  of  nitrocyclobutane  formed  increased 
only  slightly,  if  at  ^1,  as  the  irradiation  time  increased  over  the  30  -  120  s  range. 


Figure  62.  Nitrogen  Oxides  (40  Torr)  Versus  Irradiation  Time:  +  IVOg 

Infrared  Peak  Areas  Before  and  After  Irradiation  of  Mixtures  Containing  179  Torr 
of  Cyclobutane  at  50  W I cm^  Using  the  P(42)  Line 
of  the  (00°1)-(10°0)  Transition,  922.9  cm'^ 

Formic  acid  appeared  to  reach  a  maximum  between  60  and  90  s  (Fig.  63)  while  the 
COg  formation  continued  to  rise  over  the  time  range  (Fig.  64).  Longer  irradiation 

times  favored  the  production  of  ethene  (Fig.  65)  perhaps  at  the  expense  of  2-butene 
(Fig.  66).  The  NO  formation  increased  smoothly  as  the  irradiation  time  increased 
(Fig.  67).  The  mixed  gas  and  1-nitropropane  GO  peak  areas  showed  little,  if  any, 
dependence  on  irradiation  time. 

C.  Cyclopentane 

Cyclopentane  has  a  single  weak  infrared  absorption  centered  at 
897  cm'^,  lying  on  the  edge  of  the  usable  range  of  the  carbon  dioxide  laser.  Direct 
irradiation  was  possible  only  on  the  R-branch  shotilder  of  the  absorption  band.  To 
increase  the  efficiency  of  the  irradiation  of  cyclopentane,  an  infrared  sensitizer, 
sulfur  hexafluoride,  was  sometimes  introduced  into  the  cyclopentane  nitrogen 
oxide  system.  Sulfur  hexafluoride  has  a  strong  infrared  absorption  (maximum  at 
945  cm'^)  permitting  irradiation  at  946.0  cm  corresponding  to  the  frequency  of 
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Figure  63.  Formic  Acid  Production  Versus  Irradiation  Time:  Formic  Acid 
Infrared  Peak  Arms  After  Irradiaiion  of  Mixtures  Containing  179  Torr  of 
Cyclobutane  and  40  Torr  of  Nitrogen  Oxides  at  SO  Vi  f  cm?  Using  the  P(42)  Line  of 

the  (00°1)-(10V)  Transition,  922.9  cm'^ 


Figure  64.  Carbon  Dioxide  Production  Versus  Irradiation  Time:  Carbon  Dioxide 
Infrared  Peak  Areas  After  Irradiation  of  Mixtures  Containing  179  Torr  of 
Cyclobutane  and  40  Torr  of  Nitrogen  Oxides  at  50  Vi!  err?  Using  the  P(42) 
line  of  the  (00°1)-(10°0)  Transition,  922.9  cm'^ 
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Figure  65.  Ethene  Production  Versus  Irradiation  Time:  Ethene  Infrared  Peak 
Areas  After  Irradiation  of  Mixtures  Containing  179  Torr  of  Cyclobutane  and  40 
Torr  of  Nitrogen  Oxides  at  50  Wlcm^  Using  the  P(42)  Line  of 
the  (00°1)-(10°0)  Transition,  922.9  cm~^ 


Figure  66.  2-Butene  Production  Versus  Irradiation  Time:  2-Butene  GC-MS  Peak 
Areas  After  Irradiation  of  Mixtures  Containing  179  Torr  of  Cyclobutane  and  40 
Torr  of  Nitrogen  Oxides  at  50  W I  cm^  Using  the  P(42)  Line  of 
the  (00°1)-(10°0)  Transition,  922.9  cmT^ 
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Figure  67.  Nitrogen  Monoxide  Production  Versus  Irradiation  Time:  Nitrogen 
Monoxide  Infrared  Peak  Areas  After  Irradiation  of  Mixtures  Containing  179  Torr 
of  Cyclobutane  and  40  Torr  of  Nitrogen  Oxides  at  50  Vf  I  err?  Using  the  P(42)  Line  of 

the  (OOWlOV)  Transition,  922.9  cm'^ 

the  P(18)  line  of  the  (00'’1)-(10*0)  band,  an  intense  output  line  of  the  COg  laser. 
When  the  mixtures  were  irradiated  using  the  P(18)  line,  the  amount  of  energy 
absorbed  by  the  system  depended  on  the  pressure  of  SFg  rather  than  on  that  of 
cyclopentane.  Mixtures  of  cyclopentane  (180  Torr)  and  nitrogen  oxides  (26  Torr) 
were  irradiated  at  50  W/cm^  with  SFg  present  in  small  amounts  (0.2  and  0.5  Torr), 
The  frequency  intervals  over  which  integrals  were  acquired  for  the  reactants, 
products,  and  sensitizer  are  in  Table  3.  The  area  of  the  sensitizer  SFg  remained 

flat  over  the  irradiation  time  range  0  -  60  s,  as  Figure  68  indicates.  This  res\2lt  was 
expected  since  a  sensitizer  should  not  participate  chemically  in  the  reaction. 
Cyclopentane  areas  appeared  to  remain  constant  over  Ihe  entire  time  range  (Fig. 
69),  but  the  amoimt  of  nitrogen  oxides  after  irradiation  (Fig.  70)  diminished 
rapidly  as  the  irradiation  time  increased,  an  effect  that  was  especially  dramatic  in 
the  reactions  containing  0.5  Torr  of  SFg.  As  determined  by  (3C-MS  analysis  using 
the  gas- sampling  loop,  irradiation  of  mixtures  containing  SFg  at  these  two 
pressures  produced  significant  quantities  of  nitrocyclopropane,  as  well  as  1- 
nitrobutane  and  l-nitropropane.  The  amount  of  nitrocyclopentane  in  the  vapor 
phase  reached  a  maximum  earlier  in  the  reactions  containing  0.5  Torr  of  SFg 

(Fig.  71)  with  the  quantity  leveling  off  after  a  reaction  time  of  about  15  s.  When  the 
SFg  pressure  was  instead  0.2  Torr,  the  maximum  nitrocyclopentane  was  reached 
at  45  8,  but  the  same  maximum  amount  of  product  was  detected  in  both  reactions. 
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Table  3.  Injfrared  Frequency  Regions  (cm'^)  for  Integrals  of  Reactants  and 
Products  in  the  Cyclopentane  and  Nitrogen  Oxides  Systems 


Frequency  Interval 

Identity 

2386.5  -  2294.0 

CO2 

2143.6  -  2063.5 

CO 

1952.1-1871.6 

NO 

1286.8-1230.9 

NgO, 

1131.1  - 1071.3 

Formic  Acid 

955.1-  934.9 

SFg 

920.4-  871.2 

Cyclopentane 

779.1-  720.8 

N2O4  +  NO2 

716.4  -  708.7 

HCN 

Figure  68.  SFq  Infrared  Peak  Areas  Versus  Irradiation  Time  at  Two  Different 
SFg  Pressures  (0.2  and  0.5  Torr):  After  Irradiation  of  Cyclopentane  ( 180  Torr)  and 
Nitrogen  Oxides  (25  Torr)  at  50  W/cm^  Using  the  P(13)  Line  of  the 
(00°1)-(10V)  Transition,  946.0  cm'^ 


49 


aoo  laoo  20.00  oaoo  4aoo  saoo  eaoo 


Figure  69a.  Cyclopentane  Versus  Irradiation  Time  at  Two  Different  SF^ 
Pressures  (0.2  and  0.5  Torr):  After  Irradiation  of  Cyclopentane  (180  Torr)  and 
Nitrogen  Oxides  (25  Torr)  at  50  Wlcm^  Using  the  P(18)  Line  of  the  (00°1)~(10°0) 
Transition,  946.0  cm'^,  CycloperUane  Infrared  Peak  Areas 
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Figure  69b.  Cyclopentane  Versus  Irradiation  Time  at  Two  Different  SFq 
Pressures  (0.2  and  0.5  Torr):  After  Irradiation  of  Cyclopentane  (180  Torr)  and 
Nitrogen  Oxides  (25  Torr)  at  SO  WJcm^  Using  the  P(18)  Line  of  the  ((k)°l)-(10°0) 
Transition,  946.0  cm'^.  Cyclopentane  GC'MS  Peak  Areas 
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Figure  70a.  Nitrogen  Oxides  Versus  Irradiation  Time  at  Two  Different  SFg 
Pressures  (0.2  and  0.5  Torr):  Before  and  After  Irradiation  of  Cyclopentane 
(180  Torr)  and  Nitrogen  OxUies  (25  Torr)  at  50  Wlcm^  Using  the  P(18)  Line  of  the 
(00‘^1)'(10°0)  Transition,  946.0  cm'^,  N20^  Infrared  Peak  Areas 


Figure  70b.  Nitrogen  Oxides  Versus  Irradiation  Time  at  Two  Different  SFg 
Pressures  (0.2  and  0.5  Torr):  Before  and  After  Irradiation  of  Cyclopentane  (180 
Torr)  and  Nitrogen  Oxides  (25  Torr)  at  50  Wlcm^  Using  the  P(18)  line  of  the  (00°1)- 
(10°0)  Transition,  946.0  cm'^,  N20^  +  NO2  Infrared  Peak  Areas 
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Figure  71.  Nitrocyclopentane  Formation  Versus  Irradiation  Time  at  Two 
Different  SFg  Pressures  (0.2  and  0.5  Torr):  Nitrocyclopentane  GC-MS  Peak  Areas 

After  Irradiation  of  Cyclopentane  (180  Torr)  and  Nitrogen  Oxides  (25  Torr)  at 
50  W/cm^  Using  the  P(18)  Line  of  the  (00°1)-(10V)  Transition,  946.0  cm'^ 

Figures  72  and  73  show  that  1-nitrobutane  and  l-nitropropane  are  formed  earlier 
and  in  greater  amotmts  when  0.5  Torr  of  SFg  is  present.  The  products  reached  a 

maximiun  at  10-15  s  in  the  0.5  Torr  experiments  and  at  45  s  in  the  0.2  Torr 
experiments.  Figures  74  through76  indicate  that  the  gaseous  products  CO2,  CO, 
and  NO,  were  formed  in  much  the  same  manner.  The  GC  mixed-gas  peak 
showed  the  same  pattern  (Fig.  77).  We  did  not  monitor  the  production  of 
nitroalkanes  by  infrared  due  to  overlying  absorbances  in  the  regions  of  interest. 
Formic  add  was  monitored  but  the  time  dependency  of  its  production  could  not  be 
determined.  As  indicated  by  GC-MS  restdts  [4],  pressures  of  SFg  greater  than 
about  1  Torr  resulted  in  extensive  fragmentation  of  cyclopentane  and  little 
nitrocyclopentane,  making  irradiation  via  the  946.0  cm'^  line  less  useful  than  we 
had  hoped.  The  high  absorptivity  of  the  SFg  band  near  the  946.0  cm*^  laser  line 

coupled  with  the  difficulty  in  controlling  the  laser  power  below  about  25  W/cm^, 
caused  the  reaction  system  to  be  too  sensitive  to  small  changes  in  the  SFg 

pressures.  We  therefore  sought  conditions  which  would  allow  us  to  use  higher 
SPg  pressures. 

The  SFg  absorption  is  narrow  but  extremely  intense,  so  that 
significant  laser  power  is  absorbed  by  SFg  even  at  frequendes  offset  from  its 
maximum  absorbance  by  more  than  25  cm’^.  The  P(46)  line  of  the  (00°1)-(10°0) 
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Figure  72.  1-Nitrobutane  Formation  Versus  Irradiation  Time  at  Two  Different 
SFq  Pressures  (0.2  and  0.5  Torr):  1-Nitrobutane  (jC-MS  Peak  Areas  After 

Irradiation  of  Cyclopentane  (180  Torr)  and  Nitrogen  Oxides  (25  Torr)  at  50  W I  cm^ 
Using  the  P(18)  Line  of  the  (00°1)-(10°0)  Transition,  946.0  cm‘^ 


Figure  73.  1-Nitropropane  Formation  Versus  Irradiation  Time  at  Two  Different 
SFf.  Pressures  (0.2  and  0.5  Torr):  1-Nitropropane  GC-MS  Peak  Areas  After 

Irradiation  of  Cyclopentane  (180  Torr)  and  Nitrogen  Oxides  (25  Torr)  at  50  Wlcrn^ 
Using  the  P(18)  Line  of  the  (00°1)-(10°0)  Transition,  946.0  cm'^ 
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Figure  74.  Carbon  Dioxide  Formation  Versus  Irradiation  Time  at  Two  Different 
SFq  Pressures  (0.2  and  0.5  Torr):  Carbon  Dioxide  Infrared  Peak  Areas  After 

Irradiation  of  Cyclopentane  (180  Torr)  and  Nitrogen  Oxides  (25  Torr)  at  50  Wlcm^ 
Using  the  P(18)  Line  of  the  (00°1)-(10°0)  Transition,  946.0  cm’^ 


Figure  75.  Carbon  Monoxide  Formation  Versus  Irradiation  Time  at  Two 
Different  SFg  Pressures  (0.2  and  0.5  Torr):  Carbon  Monoxide  Infrared  Peak  Areas 
After  Irradiation  of  Cyclopentane  (180  Torr)  and  Nitrogen  Oxides  (25  Torr)  at 
50  Wlcm^  Using  the  P(18)  Line  of  the  (00°1)~(10V)  Transition,  946.0  cm'^ 


54 


aoo  laoo  2aoo  saoo  4aoo  saoo  eojoo 


Figure  76.  Nitrogen  Monoxide  Formation  Versus  Irradiation  Time  at  Two 
Different  SFg  Pressures  (0.2  and  0.5  Torr):  Nitrogen  Monoxide  Infrared  Peak 

Areas  After  Irr^iation  of  Cyclopentane  (180  Torr)  and  Nitrogen  Oxides  (25  Torr)  at 
50  Wlcm^  Using  the  P(18)  Line  of  the  (00°1)-(10°0)  Transition,  946.0  cm'^ 
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Figure  77.  Mixed  Gas  Formation  Versus  Irradiation  Time  at  Two  Different  SFq 
Pressures  (0.2  and  0.5  Torr):  Mixed  Gas  GC-MS  Peak  Areas  After  Irradiation  of 
Cyclopentane  (180  Torr)  and  Nitrogen  Oxides  (25  Torr)  at  SO  Wlcrn^  Using  the 
P(18)  Line  of  the  (00°1)-(10°0)  Transition,  946.0  cm'^ 
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transition  at  918.7  cm'^  provides  access  to  the  overlapping  absorptions  of  SFg  and 

cyclopentane,  both  of  which  absorb  weakly  at  918.7  cm"^  [3].  When  irradiated 
using  the  P(46)  laser  line,  cyclopentane  absorbed  enough  energy  so  that  nitratiop 
occurred  even  in  the  absence  of  SFg.  After  mixtures  of  cydopentane  (180  Torr)  and 

NOg  (20  Torr)  were  irradiated  at  45  W/cm^  for  times  ranging  from  0  to  120  s,  the 

amoimt  of  cydopentane  remaining  had  not  decreased  significantly.  The  amoimt 
of  nitrocydopentane,  the  only  nitroalkane  detected  in  these  mixtures,  increased  in 
the  vapor  phase  up  to  about  60  s  irradiation  time,  beyond  which  its  production 
leveled  off  (Fig.  78).  Mixed  gas  production  followed  the  same  pattern  (Fig.  79). 
This  result  in^cates  that  increasing  the  irradiation  time  does  not  strongly  favor 
fragmentation  processes. 

Mixtures  containing  cydopentane  (180  Torr),  nitrogen  oxides  (20  Torr), 
and  varying  amoimts  of  SFg  (0  -  3.0  Torr)  were  irradiated  for  60  s  at  45  W/cm^ 
using  the  P(46)  transition.  The  area  of  the  (5C  peak  from  cydopentane  indicated 


Figure  78.  Nitrocydopentane  Formation  Versus  Irradiation  Time: 
Nitrocydopentane  GC-MS  Peak  Areas  After  Irradiation  of  Cydopentane  (180  Torr) 

and  Nitrogen  Oxides  (20  Torr)  at  45  Wtcm^  Using  the  P(46)  Line 
of  the  (00°1)-(10°0)  Transition,  918.7  cm'^ 


Figure  79.  Mixed  Gas  Formation  Versus  Irradiation  Time:  Mixed  Gas  GC-MS 
Peak  Areas  After  Irradiation  of  Cyclopentane  (180  Torr)  and  Nitn^en  dxides  (20 
Torr)  at  45  Wfcm^  Using  the  P(46)  Line  of  the  (00°1)-(10V)  Transition,  918.7  cm'^ 

that  more  of  it  was  consumed  as  the  pressure  of  the  sensitizer  increased  (Fig.  80). 
Using  the  P(46)  laser  line  with  1.0  -  2.0  Ton*  of  SFg  Volitated  the  production  of 
nitrocydopentane  (Fig.  81),  but  as  more  energy  was  absorbed  by  the  system 
(higher  SFg  pressures)  the  amount  of  the  nitrocydopentane  in  the  gas  phase 
decreased.  Moderate  pressures  of  SFg  also  favored  the  production  of  1-nitrobutane 
and  1-nitropropane:  GC-MS  analyses  indicated  that  there  was  a  narrow  range  of 
SFg  pressures  (between  1  and  2  Torr)  over  which  the  straight  rhain  nitroalkmies 
could  be  detected.  In  contrast,  s  the  amount  of  SFg  in  the  system  increased, 

mixed  gas  production  rose  sharply  (Fig.  82),  accounted  for  by  fragmentations 
yielding  sm^  molecules,  a  process  favored  in  the  higher  energy  reactions. 

Irradiation  of  the  reaction  mixt\ires  containing  SFg  frequently  produced 

visible  quantities  of  a  Uquid  on  the  potassium  chloride  windows.  Since  the  vapor 
pressure  of  nitrocydopentane  is  low  (about  1  Torr)  we  were  suspidous  that  some 
conditions  contributed  to  formation  of  enough  nitrocydopentane  for  it  to  be  present 
in  both  the  vapor  and  the  condensed  phases.  For  this  reason,  we  used  the  cell 
wash  procedure  described  in  the  experimental  section  to  monitor  liqvdd  phase 
products  in  the  experiments  that  follow. 

We  investigated  the  effect  of  irradiation  time  with  small  amounts  of  SFg 

present,  tising  the  P(46)  transition  at  45  W/cm^  to  exdte  mixtures  of  cydopentane 
(170  Torr),  nitrogen  oxides  (30  Torr),  and  SFg  (0.5  Torr).  Irradiation  times  ranging 
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Figure  80.  Cyclopentane  Remaining  Versus  SFg  Pressure:  Cyclopentane  GC-MS 
Peak  Areas  After  Irradiation  of  Cyclopentane  (180  Torr)  and  Nitrogen  Oxides  (20 
Torr)  at  45  WIcmP  Using  the  P(46)  line  of  the  (00°IH10°0)  Transition,  918.7  cm'^ 


Figure  81.  Nitrocyclopentane  Production  Versus  SFg  Pressure: 
Nitrocyclopentane  GC-MS  Peak  Areas  After  Irradiation  of  Cyclopentane  (180  Torr) 
and  Nitrogen  Oxides  (20  Torr)  at  45  Wfcrr?  Using  the  P(46)  Line 
of  the  (00°1)-(10V)  Transition,  918.7  cm~^ 
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Figure  82.  Mixed  Gas  Production  Versus  SFg  Pressure:  Mixed  Gas  GC-MS  Peak 
Areas  After  Irradiation  of  Cyclopentane  (180  Tor^)  and  Nitrogen  Oxides  (20  Torr)  at 
45  Wlcm^  Using  the  P(46)  Line  of  the  (OOWlOV)  Transition,  918.7  cm'^ 


from  60  to  240  s  resulted  in  no  detectable  drop  in  cyclopentane  peak  areas  as 
judged  by  both  GC-MS  and  infrared  analysis,  llie  nitrogen  oxide  reactants  were 
significantly  depleted  over  this  time  range,  however,  as  Figure  83  shows. 
Increasing  the  irradiation  time  beyond  60  s  did  not  facilitate  the  nitrocydopentane 
production.  Figure  84  presents  the  results  of  the  GC-MS  analyses  for 
nitrocydopentane  using  the  gas  sampling  loop.  Following  gas  sampling,  2.0  mL 
aliquots  of  absolute  ethanol  were  used  as  a  cell  rinse.  Samples  (0.5  ml  of  cell 
wash)  were  injected  on  the  GC-MS,  the  replicate  peak  areas  averaged,  and  the 
results  plotted.  Nitrocydopentane  was  the  only  product  detected  in  the  cell  wash. 
As  Figure  85  indicates,  irradiation  times  longer  than  60  s  did  not  result  m  more 
liquid  nitroqyclopentane.  The  GC-MS  areas  in  Figure  85  can  be  compared  to  those 
from  the  gas  sampling  experiment  if  we  take  into  account  the  relative  amount  of 
samples  injected  by  each  method.  In  the  cell-wash  experiment  a  0.5  ml  injection 
represented  0.025  percent  of  the  total  sample;  in  the  gas-sampling  experiment  a 
0.250  mL  aliquot  represented  0.25  percent  of  the  total  sample.  To  compare  results 
of  the  two  types  of  experiments  the  peak  areas  in  the  cdl-wash  experiment  must, 
therefore,  be  multipli^  by  10.  Figures  84  and  85  diow  that  about  10  times  as  much 
nitrocydopentane  exists  in  the  liqtiid  phase  as  in  the  gas  phase  after  60  s  of 
irradiation,  and  that  irradiation  for  longer  times  does  not  alter  the  amounts  of 
products  formed  in  either  phase.  We  were  able  to  estimate  the  mass  of 
nitrocydopentane  formed  by  mimicking  the  manner  in  which  the  cell  washes 
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Figure  83a.  Nitrogen  Oxides  (30  Torr)  Versus  Irradiation  Time:  Before  and  After 
Irradiation  of  Mixtures  Containing  170  Torr  of  Cyclopentane  and  0.5  Torr  of 

SFg  at  45  Wlcm^  Using  the  P(46)  Line  of  the  (OO^D-dOV)  Transition, 

918.7  cm'^,  Infrared  Peak  Areas 


Figure  83b.  Nitrx^en  Oxides  (30  Torr)  Versus  Irradiation  Time:  Before  and  After 
Irradiation  of  Mixtures  Containing  170  Torr  of  Cyclopentane  and  0.5  Torr  of 
SFg  at  45  Wlcm^  Using  the  P(46)  Line  of  the  (0Od)~(10V)  Transition, 

918.7  cm'^,  N20^  +  iVO^  Infrared  Peak  Areas 
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Figure  84.  Nitrocyclopentane  Vapor  Versus  Irradiation  Time:  Nitrocyclopentane 
GC-MS  Peak  Areas  After  Irradiation  of  Mixtures  Containing  170  Torr  of 

Cyclopentane,  30  Torr  of  Nitrogen  Oxides,  and  0.5  Torr  of  SFg  at  45  Wlcm^  Using 
the  P(46)  Line  of  the  (00°1)-(10°0)  Transition,  918.7  cm'^ 


Figure  85.  Nitrocyclopentane  Liquid  Versus  Irradiation  Time:  Nitrocyclopentane 
Cell  Wash  GC-MS  Peak  Areas  After  Irradiation  of  Mixtures  Containing  170  Torr 

of  Cyclopentane,  30  Torr  of  Nitrogen  Oxides,  and  0.5  Torr  of  SFg  at  45  Wlcm^ 
Using  the  P(46)  Line  of  the  (00°1)  (10°0)  Transition,  918.7  cm'^ 
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were  conducted.  A  calibration  curve  (Fig.  86)  was  constructed  as  follows:  volumes 
of  neat  nitrocydopentane  (1.0  -  8.0  ml)  were  added  to  the  empty  reaction  cell,  2.0 
mL  of  absolute  ethanol  added  to  this,  the  solution  mixed  by  swirling,  and  then  0.50 
ml  samples  of  the  "cell  wash"  injected  on  the  GJC-MS.  Total  ion  counts  were 
plotted  vs.  mis  nitrocyclopentane/2.0  mL  of  solution.  The  peak  area  from  the  60-s 
irradiation  corresponded  to  about  1  mg  of  nitrocydopentane  (5  percent  3deld,  based 
on  moles  of  nitrogen  oxides  present  initially).  Although  no  other  nitroalkanes 
were  detected,  increasing  irradiation  times  did  encourage  formic  add,  COg,  and 
NO  production  (Figs.  87  through  89).  The  CO  production  did  not  appear  to  depend 
on  irradiation  time.  The  area  of  the  mixed  gas  peak  displayed,  if  anything,  a 
slight  decrease  over  irradiation  times  ranging  f^m  60  to  240  s.  This  result 
supports  previous  observations;  increasing  the  irradiation  time  does  not  as 
strongly  favor  fragmentation  processes  as  does  increasing  the  pressure  of  the 
sensitizer  SFg,  which  encourages  the  formation  of  the  mixed  gases  through  a 

strong  energy  absorbing  effect. 


Figure  86.  Calibration  Curve  for  Nitrocydopentane  Solutions  Using  GC-MS  Data 
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Figure  87.  Formic  Acid  Production  Versus  Irradiation  Time:  Formic  Acid 
Infrared  Peak  Areas  After  Irradiation  of  Mixtures  Containing  170  Torr  of 
Cyclopentane,  30  Torr  of  Nitrogen  Oxides,  and  0.5  Torr  ofSFg  at  45  Wlcm^  Using 
the  P(46)  Line  of  the  (00°1)-(10°0)  Transition,  918.7  cm'^ 


Figure  88.  Carbon  Dioxide  Production  Versus  Irradiation  Time:  Carbon  Dioxide 
Infrared  Peak  Areas  After  Irradiation  of  Mixtures  Contmning  170  Torr  of 

Cyclopentane,  30  Torr  ofNitro^n  Oxides,  and  0.5  Torr  ofSFg  at  45  Wtcm^ 
Using  the  P(46)  Line  of  the  (OO^D-dOV)  Transition,  918.7  cm'^ 
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Figure  89.  Nitrogen  Monoxide  Production  Versus  Irradiation  Time:  Nitn^n 
Monoxide  Infrared  Peak  Areas  After  Irradiation  of  Mixtures  Containing  170  Torr 

of  Cyclopentane,  30  Torr  of  Nitrogen  Oxides,  and  0.5  Torr  of  SF^  at  45  W I  cm^ 
Using  the  P(46)  Line  of  the  (OO'^IMIOV)  Transition,  918.7  cm'^ 


Results  of  previous  experiments  in  which  SFg  pressure  was  varied, 
indicated  nitrocyclopentane  production  had  decreased  as  the  SFg  pressure 

exceeded  1.5  Torr,  perhaps  as  a  result  of  depletion  of  nitrogen  oxides  (initially,  20 
Torr)  from  the  reaction  mixtures.  Using  infrared  and  GC-MS  analyses,  we 
examined  the  profiles  of  products  resulting  from  a  series  of  reaction  mixtures  in 
which  the  SFg  pressure  was  carefully  controlled  (0  -  2.5  Torr),  the  cyclopentane 

pressure  was  170  Torr,  and  the  nitrogen  oxides  pressure  was  increased  to  30  Torr. 
Irradiation  was  for  60  s  at  45  W/cm^  using  the  P(46)  line.  The  areas  of  the  SFg 
peaks  increased  linearly  with  the  SFg  pressure,  and  were  the  same  before  and 

after  irradiation,  showing  the  sensitizer's  lack  of  involvement  in  chemical 
reactions.  Cyclopentane  areas  in  the  product  mixtures  did  not  appear  to  decrease 
as  the  SFg  pressure  rose  according  to  the  GC-MS  analyses.  Our  efforts  to  follow 

any  decrease  in  cyclopentane  using  infrared  integrals  were  hindered  at  higher 
SFg  pressures  by  the  production  of  ethene,  many  of  whose  infrared  transitions  fall 

in  the  same  spectral  region  we  were  monitoring  for  cyclopentane,  920.4  -  871.2 
cm*^.  The  nitrogen  oxides  remaining  showed  a  marked  dependence  on  SFg 
pressure,  having  reacted  almost  completely  at  2.0  Torr  of  SFg  (Fig.  90). 
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Figure  90a.  Nitrogen  Oxides  (30  Torr)  Versus  SFg  Pressure:  Before  and  After 
Irradiation  of  Mixtures  Containing  170  Torr  of  Cyclopentane  for  60  sat  45  Wjcm^ 

Using  the  P(46)  Line  of  the  (00°1)-(10V)  Transition,  918.7  cm'^, 

Infrared  Peak  Areas 


Figure  90b.  Nitrogen  Oxides  (30  Torr)  Versus  SFg  Pressure:  Before  and  After 
Irradiation  of  Mixtures  Containing  170  Torr  of  Cyclopentane  for  60  sat  45  W I  cmF 
Using  the  P(46)  Line  of  the  (00°1)-(10V)  Trandtion,  918.7  cm'^. 

N2O4  +  NO2  Infrared  Peak  Areas 
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Nitrocyclopentane  remained  constant  in  the  gas  phase  from  0  -  2.0 
Torr  of  SFg,  and  then  decreased  at  2.5  Torr  (Fig.  91).  The  cell  wash  resxilts  help  to 

explain  the  nitrocyclopentane  production.  Sufficient  nitrocyclopentane  had 
formed  at  0  Torr  of  SFg  for  it  to  be  detected  in  the  condensed  phase  (Pig.  92),  with 
the  quantity  in  the  liquid  phase  increasing  up  to  about  1.5  Torr  of  SFg  and  the 

amount  in  the  gas  phase  remaining  constant  and  equal  tc  the  vapor  pressure. 
From  1.5  to  2.5  Torr  of  SFg,  the  nitrocyclopentane  production  fell  off  until  none  was 

detected  in  the  liquid  form  and  all  that  was  produced  was  present  in  the  vapor 
phase;  at  2.5  Torr  of  SFg  the  reaction  system  was  so  energetic  that  products  besides 

nitrocydopentane  were  favored.  Figure  93  in  which  the  condensed  phase  areas 
are  sc^ed  (factor  10  x)  displays  a  comparison  of  vapor  phase  and  condensed  phase 
nitrocyclopentane  production.  Linear  nitroalkanes  identified  in  this  system  were 
1-nitrobutane  and  1-nitropropane.  Both  products  were  tmdetected  until  the  SFg 

pressure  reached  about  1  Torr,  after  which  their  production  increased,  peaking  at 
about  1.5  Torr,  and  then  decreased  thereafter,  tmtil  neither  could  be  detected  at  2.5 


Figure  91.  Nitrocyclopentane  Vapor  Versus  SFg  Pressure:  Nitrocyclopentane  GC- 
MS  Peak  Areas  After  Irradiation  of  Mixtures  Containing  170  Torr  of  Cyclopentane 
and  30  Torr  of  Nitrogen  Oxides  for  60  s  at  45  W I  cm^  Using  the  P(46)  Line  of  the 

(00°1)-(10°0)  Transition,  918.7 cm'^ 
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Figure  92.  Nitrocyclopentam  Liquid  Versus  SFg  Pressure:  Nitrocyclopentane 
Cell  Wash  GC-MS  Peak  Areas  After  Irradiation  ^Mixtures  Containing  170  Torr 
of  Cyclopentane  and  30  Torr  ofNitrcgen  Oxides  for  60  sat  45  Wicrr^  Using  the 
P(46)Line  of  the  (OO^l)-(lOV)  Transition,  918.7  cm'^ 


Figure  93.  Nitrocyclopentane  Vapor  and  Cell  Wash  (Scaled  10  x)  Areas  Versus 
SFg  Pressure:  After  Irradiation  of  Cyclopentane  (170  Torr)  and  Nitrogen  Oxides 

(30  Torr)  for  60s  at  Wlcrr?  Using  the  P(46)  line  of  the 
(OOWlOV)  Transition,  918.7  cm^ 
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Torr  of  SFg  (Figs.  94  and  95).  Formic  add  and  CO2  production  (Figs.  96  and  97) 
increased  up  to  SFg  pressures  of  about  2  Torr  where  the  amounts  leveled  off,  or 

perhaps  decreased.  In  contrast,  the  amounts  of  CO  and  NO  present  in  the  product 
mixture  continued  to  increase  throughout  the  entire  range  of  SFg  pressures  (Figs. 

98  and  99).  The  GC  mixed  gas  peak  increased  sli^tly  up  to  about  1.5  Torr  of  SFg 

(Fig.  100),  then  inclined  sharply  when  sensitizer  pressures  exceeded  1.5  Torr,  a 
reflection  of  the  increased  fra^entation  that  occurred  as  the  rate  of  energy 
absorbed  by  the  system  increased.  Additional  products  resulting  from  the  higher 
energy  absorbed  in  the  2.0  and  2.5  Torr  experiments  were  HCN,  ethene,  methwe, 
and,  tentatively,  formaldehyde  and  NNO,  as  identified  in  the  iniGrared. 


Figure  94.  1-Nitrobutane  Versus  SFq  Pressure:  1-Nitrobutane  GC-MS  Peak 
Areas  After  Irradiation  of  Mixtures  Containing  170  Torr  of  Cyclopentane  and 
30  Torr  of  Nitrogen  Oxides  for  60  s  at  45  W I  cm^  Using  the  P(46)  Line 
of  the  (00’‘1)-(10V)  Transition,  918.7  cm~^ 
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Figure  95.  1-Nitropropane  Versus  SFg  Pressure:  1-Nitropropane  GC~MS  Peak 
Areas  After  Irradiation  of  Mixtures  Containing  170  Torr  of  Cyclopentane  and  30 
Torr  of  Nitrogen  Oxides  for  60  sat  45  Wlcm^  Using  the  P(46)  Line 
of  the  (OO^D-dOV)  Transition,  928.7  cm~^ 


Figure  96.  Formic  Acid  Versus  SFg  Pressure:  Formic  Acid  Infrared  Peak  Areas 
After  Irradiation  of  Mixtures  Containing  170  Torr  of  Cyclopentane  ami  30  Torr  of 
Nitrx^en  Oxides  for  60  sat  45  Wlcm^  Using  the  P(46)  Line 
of  the  (00’1)~(10V)  Transition,  918.7  cm~^ 
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Figure  97.  Carbon  Dioxide  Acid  Versus  SFg  Pressure:  Carbon  Dioxide  Infrared 
Peak  Areas  After  Irradiation  of  Mixtures  Containing  170  Torr  of  Cyclopentane  and 
30  Torr  of  Nitrogen  Oxides  for  60  sat  45  77!  err?  Using  the  P(46) 

Line  of  the  (00°1)-(10V)  Transition,  918.7  cm’^ 


Figure  93.  Carbon  Monoxide  Versus  SFq  Pressure:  Carbon  Monoxide  Infrared 
Peak  Areas  After  Irradiation  of  Mixtures  Containing  170  Torr  of  Cyclopentane  and 
30  Torr  of  Nitrogen  Oxides  for  60  sat  45  Wfen?  Using  the  P(46) 
line  of  the  (OO^l)-(lOV)  Transitiort,  918.7  cm'^ 
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Figure  99.  Nitrc^en  Monoxide  Versus  SFg  Pressure:  Nitrogen  Monoxide  Infrared 
Peak  Areas  After  Irradiation  of  Mixtures  Containing  170  Torr  of  Cyclopentane  and 
30  Torr  of  Nitrogen  Oxides  for  60  sat  45  Wfcm^  Using  the  P(46) 

Line  of  the  (00°1)-(10°0)  Transitiony  918.7  cm’^ 


Figure  100.  Mixed  Gas  Production  Versus  SF^  Pressure:  Mixed  Gas  GC-MS 
Peak  Areas  After  Irradiation  of  Mixtures  Containing  170  Torr  of  Cyclopentane  and 
30  Torr  of  Nitrogen  Oxides  for  60  sat  46  Wlcm^  Using  the 
P(46)  Line  of  the  (00°lh(10°0)  Transitiony  918.7  cm'^ 


71 


IV.  CONCLUSIONS 


We  have  carried  out  the  CW,  CO2  laser  induced  nitration  reactions  between 
nitrogen  oxides  and  cyclopropane,  cyclobutane,  or  cyclopentane  under  a  wide 
range  of  reaction  conditions  in  order  to  evaluate  the  effectiveness  and  selectivity  of 
the  laser  driven  processes.  We  successfully  monitored  the  impact  of  increased 
energy  absorption  on  the  products  of  greatest  synthetic  interest  to  us,  the 
nitrocycloalkanes.  Although  the  optimal  conditions  for  nitration  vary  among  the 
hydrocarbons,  each  has  an  optimal  power  window  for  producing 
nitrocycloalkanes  without  breaking  down  the  precursors  or  products.  For  the 
cyclopropane  experiments,  the  most  favorable  ratio  of  nitrocyclopropane  to 
undesirable  side  products  occurs  when  mixtures  of  cyclopropane  (210  Torr)  and 

nitrogen  oxides  (40  Torr)  are  irradiated  at  25  W/cm^  for  20  -  25  s  using  the  P(18) 
laser  line  of  the  (00'l)-(02‘0)  transition.  These  conditions  give  no  detectable 
amounts  of  side  products  that  could  pose  separation  problems,  namely,  propene, 
nitromethane,  propenal,  acetonitrile,  and  propenitrile,  and  reduce  the  amount  of 
HCN  to  an  almost  undetectable  level.  Using  the  P(42)  line  of  the  (00'1)-(10°0) 
transition,  mixtures  of  cydobutane  (180  Torr)  and  nitrogen  oxides  (40  Torr)  when 
irradiated  at  50  W/cm^  for  60  s,  favor  nitrocyclobutane  production  while 
Tninimiring  1-nitropropane.  If  1-nitropropane  can  be  tolerated  in  the  product 

mixture,  raising  the  power  to  60  W/cm^  while  increasing  the  cydobutane 
pressure  to  200  Torr  increases  the  amount  of  both  nitroalkanes.  In  the 
cydopentane  nitration,  the  most  favorable  pressures  are  170  Torr  of  cydopentane, 

30  Torr  of  nitrogen  oxides,  and  1,0  Torr  of  SFg  with  irradiation  at  45  War?  for  30  s 
using  the  P(46)  line  of  the  (OO'IXIO'O)  transition  of  the  COg  laser.  These  conditions 
jdeld  nitrocyclopentane  while  eliminating  detectable  amounts  of  1-nitrobutane 
and  l-nitropropane.  Only  at  high  SFg  pressures  (2.0  Torr)  did  we  detect  HCN  in 
the  infrared. 

From  the  GC-MS  and  infrared  analyses,  the  dependence  of  the  quantity  of 
reactants  and  products  formed  as  a  function  of  either  variations  in  the  inddent 
laser  power  or  on  changes  in  pressures  of  the  cyclic  hydrocarbons,  sensitizer,  and 
nitrogen  oxides  was  determined.  The  product  yields,  espedally  those  of  the 
nitrocycloalkanes,  are  highly  sensitive  to  changes  in  the  reaction  systems,  and 
therefore,  serve  as  a  probe  of  the  energy  state  of  tiie  reaction.  Enei^  absorption  is 
increased  by  (a)  irradiation  for  longer  times  while  holding  the  pressures  of  the 
reactants  and  the  inddent  power  constant,  (b)  increase  of  the  inddent  laser 
power,  (c)  increase  of  the  presstire  of  the  energy  absorbing  hvdrocarbon,  or  (d) 
increase  of  the  sensitizer  pressure.  Of  these,  increased  irradiation  time  is  unique 
in  that  it  increases  the  to^  energy  absorbed  by  the  system  without  increasing  the 
power  absorbed  (energy  per  unit  time).  Under  a  given  set  of  pressures  and 
inddent  power,  the  amount  of  nitrocydoalkane  depends  on  irradiation  time  to  the 
extent  that  the  nitrogen  oxides  are  still  available  in  the  reaction  system.  In  fact  all 
the  products,  except  ethene  forming  from  cydobutane,  follow  this  pattern;  the 
products  reach  their  maximum  yields  by  the  time  the  areas  of  the  nitrogen  oxides 
decrease  and  level  off,  indicating  that  nitrogen  oxides  are  required  in  the  reaction 
paths  of  each  of  them. 
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Increased  hydrocarbon  pressure,  incident  laser  power,  and  sensitizer 
pressure  all  have  the  effect  of  increasing  the  rate  of  energy  absorbed.  In  order  to 
vary  the  power  significantly  by  varying  the  hydrocarbon  pressinre  a  wide  range  of 
pressures  have  to  be  employed.  The  resulting  variation  in  total  pressure  and  in 
ratio  of  reactants  complicates  the  determination  of  power  dependence.  As 
expected,  increasing  the  hydrocarbon  pressure  favors  the  production  of 
nitrocycloalkanes,  at  least  up  to  a  point.  \^en  cyclopropane  pressure  is  varied, 
nitrocyclopropane  yield  increases  up  to  the  cyclopropane  pressure  at  which  the 
nitrogen  oxides  reach  a  minimum:  the  nitrating  agent  is  essentially  depleted  so 
nitration  ceases.  In  the  cyclobutane  pressure  series,  the  nitrocyclobutane 
production  also  mirrors  the  nitrogen  oxide  use.  Though  nitrogen  oxides  do  not 
absorb  the  CO2  laser  output  directly,  the  nitrogen  oxides  pressure  has  an 
important  effect  on  the  cyclopropane  reaction  system.  Increasing  the  nitrogen 
oxides  pressure  over  the  range  studied  has  no  ^scemible  effect  on  the  yield  of 
vapor  phase  nitrocyclopropane;  however,  some  other  products  are  dramatically 
encouraged  by  increasing  nitrogen  oxides  pressure,  namely  propene,  acetonitrile, 
propenitrile,  nitromethane,  and  propenal.  Therefore,  in  a  utilitarian  sense,  the 
nitrogen  oxides  pressure  should  be  strictly  controlled  at  an  api  nately  low  level 
to  minimize  these  side  products. 

Variation  of  the  incident  laser  power  over  a  Umited  range  of  powers  allows 
the  most  direct  access  for  determining  power  dependence.  Instrumental 
limitations  restricted  us  to  20  -  25  W/cm^  on  the  low  power  side,  below  which 
lasing  could  not  be  sustained,  and  100  W/cm^  on  the  high  power  side  for  the 
strongest  laser  emissions.  The  CO2  transitions  available  to  directly  irradiate  the 
cyclic  hydrocarbons  are  not  among  the  strongest  output  bands  and  correspond  to 
weak  hydrocarbon  absorbances.  Even  so,  we  can  extract  some  information  about 
the  dependence  of  nitrocycloalkane  formation  on  incident  power  using  data  from 
the  cyclopropane  and  cyclobuteme  experiments.  Increasing  the  irradiation  power 
favors  the  production  of  nitrocycloalkanes  until  sufficient  power  is  absorbed  that 
fragmentation  reactions  predominate.  A  number  of  fragmentation  products  can 
be  detected  only  after  a  certain  threshold  power  and  increase  rapidly  thereafter. 
There  is,  therefore,  a  narrow  range  of  powers  that  optimizes  nitrocycloalkane 
production:  the  incident  power  must  be  ffigh  enough  to  support  nitration  but  low 
enough  not  to  exceed  the  threshold  that  promotes  excessive  fragmentation. 

Cyclopentane  has  weaker  absorption  bands  than  do  cyclopropane  or 
cyclobutane  in  the  frequency  range  accessible  through  direct  irradiation  using  the 
COg  laser.  A  sensitizer  helps  to  overcome  some  of  the  limitations  encountered  in 

adjusting  the  laser  output  by  providing  a  flexible,  though  indirect,  means  of 
varying  power.  The  COg  laser  has  several  emissions  overlying  an  intense 

absorption  region  of  SFg,  which  also  overlaps  with  a  weak  absorption  band  of 
cyclopentane.  The  frequency  of  irradiation  can  be  varied  so  that  SFg  absorbs  more 
or  less  of  the  energy.  Alternatively,  the  pressure  of  SFg  can  be  changed  while 

keeping  the  ratio  of  nitrating  agent  to  hydrocarbon  constant  and,  at  the  low 
pressures  of  SFg  required,  keep  ffie  total  pressure  essentially  constant.  Varying 
the  power  with  the  aid  of  the  sensitizer  has  an  analogous  effect  to  increasing 
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incident  power,  that  is,  there  is  a  narrow  range  of  sensitizer  pressures  that  favors 
nitrocyclopentane  production  and  limits  fragmentation,  llhe  most  pronounced 
effect  on  fragmentation  is  observed  when  energy  absorption  is  increased  using  a 
sensitizer. 

Nitrocyclopentane  formation  is  so  favored,  especially  with  SFg  present,  that 
the  reaction  cell  becomes  saturated  with  the  vapor  and  the  nitrocyclopentane 
begins  condensing  on  the  container  walls.  Using  the  cell-wash  procedure,  it  was 
shown  to  be  true  for  nitrocyclopentane,  which  has  a  vapor  pressure  of  about  1 
Torr,  and  it  is  possible  that  it  can  occur  for  the  lower  molecular  weight 
nitroalkanes  too,  though  their  vapor  pressures  are  higher.  Even  at  optimum 
pressures  of  SFg  (1.0-1.5  Torr),  nitrocyclopentane  was  the  only  nitroalkane 

detected  in  the  condensed  phase,  evidence  for  the  high  selectivity  of  the  laser- 
induced  nitration  process.  The  yield  of  nitrocyclopentane,  based  on  the  calibration 
curve,  was  10-12  percent  tmder  optimtnn  conations,  based  on  nitrogen  oxides,  the 
limiting  reagent.  Pure  samples  of  nitrocyclopropane  and  nitrocyclobutane  were 
unavailable  for  use  as  standards  to  determine  their  percent  yields.  However,  this 
10-12  percent  yield  is  better  than  the  3.6  -  5.0  percent  yield  [1]  obtained  in  the 
therm^  nitration  of  nitrocyclopropane.  Because  of  the  favorable  yields  in  the 
(^clopentane  reaction  and  the  selectivity  of  the  laser  induced  nitration  of  the  cyclic 
hydrocarbons,  the  possibility  exists  for  a  continuous  process  in  which  liquid 
nitrocycloalkanes  can  be  recovered  free  of  contamination. 

It  is  our  opinion  that  with  continued  research  in  this  area,  these  laser- 
induced  nitrations  could  be  driven  to  even  higher  yields.  The  lessons  learned 
from  the  use  of  SFg  with  cyclopentane  could  be  applied  successfully  to  both 

cyclopropane  and  cyclobutane.  It  is  also  likely  that  this  process  could  be 
successfully  extended  to  other  classes  of  compounds,  including  aromatics. 
Finally,  it  would  be  interesting  to  evaluate  the  coincident  excitation  of  both 
reactants  using  the  appropriate  lasers. 
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